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EXECUTIVE SUMMARY

Direct injection testing is a valuable tool for identifying electromagnetic effects and
critical subsystems prior to expensive, labor intensive free field testing. However, as the
frequencies of interest increase, the method becomes less reliable, and the measurement
techniques become more difficult. .

This team was tasked with identifying and addressing key sources of error in the present
methods of conducting direct drive testing. Many variations of experimental procedures exist,
and the information contained in this document will not necessarily be pertinent to every testing
scenario. Alternately, in addition to direct injection testing, much of the material covered herein
is general, and hence, pertinent to a wide variety of experimental efforts, including free field
electromagnetic effects testing.

Three major areas of direct drive testing have been addressed: the correlation between
direct drive and free field power levels for upset, the relevant power quantities, and
measurements using voltage dividing probes.

The most extensive treatment was given to the voltage probe. Both capacitive and
resistive loading of the circuit is discussed. Criteria for choosing the probe input impedance is
given. A subtlety of the impact of the choice of probe is that the closer the input impedance isto
its minimum acceptable value, the more sensitive the probe will be. Thus, it is imperative that
the node impedance be known prior to probe selection.

Various probes were evaluated, both experimentally and through simulation. It was
found that the most commonly used probes suffer from capacitive degradation, with a
capacitance which is much higher than commonly believed. We demonstrate the operation of
probes which have no discernable degradation in its transfer function to 3 GHz. Additionally, a
calibration fixture has been designed which allows for quick and easy pretest probe
characterization.

Although many test engineers measure incident power only, the absorbed power is the
relevant quantity. The crux of this assertion was expanded to derive a correlation factor to adjust
power levels for upset obtained through direct drive experiments with free field power levels

causing the same upset.




1.0 INTRODUCTION

The development of microwave weapons is currently a promising research area. In
conjunction with High Power Microwave (HPM) source development, programs to detect the
vulnerabilities of electronic systems to high frequency electromagnetic radiation have been
implemented. In addition to electromagnetic hardening technique development, a strong interest
has arisen in developing economical methods to obtain system vulnerability information. One of
the more successful techniques has been direct drive experiments, where a voltage signal is
injected directly onto a node of the device under test (DUT). The critical parameters are the
frequency and power level at which an asset is susceptible. Thus, direct inj ection experiments
can be combined with low power free field coupling measurements to determine the incident
power density for asset susceptibility. At frequencies below 100 MHz, good agreement between
test results obtained in free field tests and direct injection experiments has been shown. *

While the reliability of test data in the frequency range 100-400 MHz is debatable, the
techniques currently being used at frequencies above 400 MHz are known to be unreliable.
Currently, the frequencies of interest, common to both the electromagnetic susceptibility and
HPM source communities, are approaching the 10 GHz range. While this effort was limited to
frequencies up to 3 GHz, the techniques outlined in this report are anticipated to also be valid in
the higher frequency regime. Testing procedures in this report are also valid in the lower
frequency regime, but may not be critical since high frequency techniques depend largely on the
reactive parameters, which have a negligible effect at low frequency.

It is the mission of this team to develop a reliable and technically sound methodology to |

perform direct injection tests at frequencies above 400 MHz.

* Hector del Aguilar (PL/WSM), private communication.



1.1 Objectives
The primary objectives of this preliminary test effort are:
1.)  Determine the issues in the current state of the art direct drive techniques.
2.) Examine these issues in the frequency range of 400 MHZ to 3 GHz.
3.)  Develop improved experimental techniques which will result in the development
of a reliable high frequency direct drive test methodology.




20 OVERVIEW OF DIRECT INJECTION TESTING TECHNIQUES

The direct injection of signals into an electronic system allows economical testing of
electromagnetic immunity, and several variations of this testing technique are currently in use.
For clarity, a brief discussion of the two dominant techniques of conducting direct injection tests
are elucidated.

The direct injection technique of system vulnerability testing was initially developed by
the Electromagnetic Pulse (EMP) community as a simulation of a free field EMP test. ** Since
aircraft are a main target of an EMP strike, the direct injection methods developed around the
testing of avionic subsystems. The “bulk current injection” method uses inductive coupling to

transfer current from an external source onto the wire bundles that connect the avionic systems.

A representative test arrangement is shown in Figure 1.

Coupling
Transformer

Figure 1. Typical experimental arrangement of a bulk current injection into an
avionics system for the simulation of electromagnetic effects. '

The advantages of bulk current injection onto a wire bundle are numerous. Low power
signals can be inductively coupled to induce currents that would require very high radiated power

to achieve. Since surface currents induced on the skin of the aircraft are reactively coupled to

** . William D. Prather, (PL/WSQ), private communication.
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internal wiring, the coupling is linear and the resonances determined at low power can
extrapolate to high power.! Although this testing technique is generally valid to within a factor
of two of the free field data, this is strongly dependent on the implementation of the technique.
For instance, one comparative study' injected one wire of a bundle through bulk current
injection and found large variations between the susceptibilities due to bulk current injection and
free field radiation. The authors concluded that multiple or distributed coupling techniques
should be investigated in hope that better agreement could be attained. A theoretical
investigation of the currents induced by bulk current injection and free field radiation indicate
that the two testing procedures differ significantly when the lengths of the wire bundles are long.
However, when these leads are kept electrically short (kL<<1), the currents induced via bulk
current injection and free field radiation are comparable.

While the method of bulk current injection is an important implementation of the
technique, particularly for avionics systems, its applicability is severely limited in frequency.
Bulk current injection couplers use a magnetic core, which resists the passage of high
frequencies. Bulk current injection probes have been extended to 1 GHZ® using air core couplers
with limited success: the air couplers are useful for receivers, but not as injection couplers. **

In an effort to expand the direct drive test methodoiogy to more complex systems and
higher frequencies, testing is being conducted by connecting a source directly to the system
under test. A representative experimental setup is shown schematically in Figure 2.

This arrangement, if properly conducted, is capable of identifying high frequency
vulnerability data, if any. Moreover, this technique of directly injecting of an electric signal into
a device under test is suitable for compact and complex systems which may have limited
physical accessibility. To date, reliable high frequency direct injection data for electromagnetic
susceptibility has been sparse. This report identifies several key issues within the testing
procedure for the measurements to be believable. Many of the issues concerning direct drive
experiments, particularly the design of invasive voltage probes, are of a general nature and apply
to a variety of testing techniques, including free field HPM testing.

** William D. Prather, (PL/WSQ), private communication.
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Illustration of a direct drive experiment where two signals are combined

]

DUT

A direct drive experiment in which the RF signal source injection directly

into the node of the DUT. Typically, the voltage is monitored at the injection site.



3.0 VOLTAGE PROBES

The paradox of probe design is the development of a method which invades in order to
obtain knowledge about a system without perturbing the system. Of course, the introduction of
any probe into any system necessarily perturbs the system. Thus, the crux of probe design is to
minimize the effect of the probe on the system, while gaining information with sufficient

sensitivity to be useful.

3.1  General Conditions on Invasive Probe Design
Electrical measurements can be made with a variety of techniques which can be described
as either invasive (voltage dividers, current viewing resistor) or noninvasive (inductive couplers,
B-dot and Rogowski coils). This treatise will be limited to issues concerning invasive probes.
The following are general criteria* ¢ which all suitable voltage probes will meet. The
consequence of not meeting these requirements is incorrect measurements. For a voltage probe
to be satisfactory for the observation and measurement of electrical characteristics the

requirements are:

. The input impedance of the voltage divider is sufficiently high, so that no appreciable
disturbance is introduced in the circuit under test. In a circuit sense, the probe draws only
a minimum of current from the circuit for measurement purposes. Thus, the probe

impedance must be high in comparison to the node impedance of the circuit under test.

. The probe has a linear uniform transient response over a wide range of frequencies. That

is; the probe must not distort the waveforms under investigation.

. The divider should be capable of precise calibration with standard laboratory methods
and apparatus.




32  Voltage Divider Fundamentals
Voltage division is a frequently used and reliable method of measuring voltage without
perturbing the system under test. “The basic voltage divider circuit is shown in Figure 3.

V.
R,
Vour
R,
Figure 3. The equivalent circuit of a basic voltage divider circuit.

3.2.1 Derivation of the Voltage Divider Relation

The derivation of the voltage divider relation is based on the schematic of Figure 3.
Implementation of Kirchhoff Voltage Laws yield,

V,=I® *+R)

and
v_=1IR ,

where [ is the current flowing through the circuit. Thus,



Vv

1= =

R,
Substituting this expression for the current into the equation for V, yields an expression for the
voltage division ratio, V/V

R * R,
R,

Y
V~

- This ratio is the fundamental basis for a voltage divider circuit. When a voltage divider probe is
constructed from real, nonideal components, additional assumptions for its operation surface.
This will be examined later in Sections 4.2 and 4.4.2.

Figure 3 refers only to the voltage divider itself. The current though the voltage divider is
provided by the node of the circuit being monitored. As elucidated in Section 3.1, the input
impedance of the voltage divider is assumed to be much greater than the impedance of the node
under test. This condition limits the current drawn from the circuit being monitored. If an
excessive amount of current is drawn from the circuit, the probe is said to “load the circuit.”

Circuit loading will result in measurement errors.

To avoid circuit loading with a voltage divider the input impedance of the probe, R,,
which is given by

Rp=R1+R2 ’

should exceed the impedance of the node under test, R, by a factor of at least 10.4% Thus, the

condition to insure for proper voltage divider probe operation is expressed mathematically as,

R >10R,




322 Yalidation of the Loading Criteria
If the condition R, 2 10 R, is not met, then the circuit being monitored is loaded by the
probe, and the measurement, V; does not accurately reproduce the generator voltage, V, , at the
oscilloscope or other measuring device. To examine the origin of the condition R,2 10R,,
suppose that R ;=10 R,. The experimental setup and the equivalent circuit is shown in Figure 4,
with R;=R, + Rgcype.
A voltage divider is formed by the combination of Rp and Rn. The effect of the relative
values of R, and R, will be evaluated using both the voltage divider relation and the Thevenin
“equivalent circuit. Substituting the relative values, R, = 10 R, into the voltage divider relation
yields,

1I0R + R 11
V=V, —— =,
" 10R, 10

and the measured voltage, V,, is approximately that of the circuit node.

10



Figure 4a.  The experimental setup of a voltagé divider measuring a circuit node of
impedance, R,.

Vi

R,
& R,f V.,
L | R

Figure db.  The equivalent circuit of the experimental setup of Figure 4a.
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The same conclusion can be reached using the Thevenin equivalent circuit for the circuit
of Figure 4. The addition of the probe impedance, R, effectively modifies the source impedance
and reduces the amplitude of the signal at the viewing port. The effect of loading can be

evaluated using Thevenin's theorem. The equivalent Thevenin source voltage, Vy, is

v, =V —2
™ "R *R

As previously stated, the industry standard for an acceptable probe input resistance, R, to

measure a node resistance, R,, is

Rp > 10R

Using the minimum value of the above criteria, the Thevenin equivalent circuit parameters

becomes,

R 10R
P 14 L]
™ " R*R " 11R,

sand

Thus, the industry standard,’ R, > 10 R, is justified.

12



3.3  Overview of Voltage Divider Probe Designs

A common method of observing and measuring a transient signal is to insert a voltage
divider between the circuit under test and the transient signal recorder, such as an oscilloscope or
network analyzer. Voltage division is a popular technique since the magnitude of the signals of
interest may exceed the rating of the measuring apparatus. For the measurement to be useful, the
voltage divider must accurately reproduce the voltage waveform at the node of the circuit under
test, without perturbing the normal operation of the circuit. Of course, the introduction of an
additional component into a circuit necessarily perturbs it. Thus, a good probe design reproduces
the true signal parameters at the node of the DUT while minimizing the effect of its introduction
into the circuit. A probe which loads a circuit will register a faulty reading by drawing excessive
current. Circuit loading is an insidious effect which can easily go undetected by the

experimenter.

3.3.1 The Capacitively Compensated Voltage Divider Probe

High impedance voltage dividing probes which are designed for parallel connection to a
pulse generator are generally either resistive or capacitive dividers. In practice, however, stray
reactance and intrinsic resistance values must also be incorporated into the design. The
inductance, which causes a lag in the voltage, should be minimized for high frequency and
pulsed voltage divider probe designs. In addition to a low inductance probe design, the
inductance is minimized by keeping the connecting leads short and making the ground
connections directly to the chassis. Capacitive reactance is often ignored, since the capacitance
components can be incorporated into a compensated resistive voltage divider. In compensated
voltage divider designs, high quality capacitors are used to enhance performance.* The

schematic for a capacitively compensated voltage divider is shown in Figure 5.
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Figure S. Equivalent circuit of a capacitively compensated voltage divider.

Kirchoffs voltage law for the parallel capacitively compensated divider provides the expression

for the output voltage, V,,, as

R, ¢, _ R R
w T hgE R T e TR R S ]

where Rlland Cl are the parallel combination of the respective components. For the condition

when

RICI = chz ’
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sthen

and

VOMI —_ Rz —_ Cl
+

Thus, the capacitively coupled voltage divider provides a perfect voltage divider whose voltage
division ratio is the same at all frequencies. However, the basic assumption, R, C, =R, C,,
implies the charging time constants for each leg of the circuit of Figure 5 is the same. For very
high frequency signals, the required charge time constant, 7, may not allow the replication of the
signal with a capacitively compensated divider. For instance, the time constant necessary to

measure a signal of frequency, f, is given by,

This equation is derived from the signal period, T = 1/f, and the definition of the time constant of
a circuit. That is, it takes five time constants to fully charge a circuit. If a 10 GHz signal is to be
measured, with a 1 kQ resistor, the time constant is on the order of 10"!'s. The capacitance value

is obtained from the relation,

T = RC ,

and is computed to be 0.01 pF. This value is the equivalent capacitance which includes the stray

capacitance as well as the cable capacitance. A capacitance value of 0.01 pf generally exceeds

the stray capacitance. Thus, this is an unrealistically small value for a reasonable length of cable.
Commercially available capacitively compensated voltage probes are limited to below

frequencies of 150 MHz and risetimes of 1.0 ns.’
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3.3.2 The Z, Voltage Divider Probe

In view of the brief treatise on capacitively coupled voltage dividers for high frequency
applications, a purely resistive divider is desired. The capacitance which is associated with high
frequency recording devices, such as network analyzers and oscilloscopes, is necessarily small,
and the capacitance of the purely resistive probe should be minimized; this avoids the need for
capacitive compensation and permits the measurement of higher frequencies.

Z, voltage divider probes are so called because they use a “lossless” transmission line to

connect to the measuring device. The schematic of a Z, probe is shown in Figure 6.

C

RSCOPE — LOAD

|I|-—-
|||——

\ Rscore T R

Vout Rscore

Figure 6. The schematic of a Z, voltage divider probe.

The Z, probe is designed to drive a 50 Q input impedance on the measuring device.
When using an oscilloscope as the waveform recorder, the 50 Q termination must be used for
two reasons: the low impedance (1) has an intrinsically low shunt capacitance and (2) provides

the voltage division. The high impedance resistor, R, , fully determines the voltage division
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ratio. The voltage division ratio is

and the input impedance of this probe is,

R, =R *+ R,

Thus, both the input impedance and the voltage dividing ratio, when used with standard
waveform recording devices, is fully determined by the resistor value, R;.

The Z, probe has a low input capacitance which is desirable for high speed signals.
Because this probe is relatively low impedance, care must be taken to avoid circuit loading. The
value of the resistor, R,, is limited to 5 kQ in commercial Z, probes which is due to stray
capacitance at the probe head.

Since R, is typically a % W resistor, the DC input voltage is limited to 16 V. Allowable
sine wave peak voltage is 45 V. The use of a DC block, with typical capacitance value of
4700pF, will allow the measurement of signals with DC components of up to 500 V, but will
limit the frequency response. The frequency for which the probe’s response is 30% down (the

3dB point) can be calculated from

1
2nC (R, + R

f:

where C is the capacitance of the DC block.
In general, Z, probes have faster risetimes than capacitively compensated probes and are
used primarily for the measurement of high frequency signals because they provide a low

capacitance load. Moreover, the simplicity of the design allows for their easy construction, even

for use in challenging experimental arrangements.
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3.3.3 The Coaxial Transmission Line as a Voltage Probe

Recently, the 50 Q voltage probe has become popular in direct injection testing because
of its excellent frequency response. A coaxial commercially available transmission line can be
used in this manner. However, the applicability of this type of probe is limited to circuits with
very small node impedances. However, if the condition Ry <10 R, ;. is met, this is an excellent
choice. Many high frequency 50 Q commercial voltage probes are available for digital circuit
testing.

The experimental arrangement for testing with this type of probe is shown in Figure 7.

Scope o1—°¢ s—+te DUT

Figure 7. A coaxial transmission line inserted into a circuit for use as a voltage probe.

The lossless transmission line is soldered directly onto the node under test and measured
on a recording device. This arrangement provides no voltage division and care must be taken not
to exceed the voltage rating of the measuring device. Thus, the signal which is recorded is the
actual measurement, and the voltage division ratio is 1. Since this type of probe has an
intrinsically low capacitance, the frequency response is excellent. Experimental verification of

both the frequency response and the effect of node impedance is illustrated in Section 7.2.

3.4  Ranking of Probe Performance on EMPTAC tests
The problem of measuring waveforms during direct drive tests has long been known. To
aid in testing, a team of test engineers had evaluated the performance of various types of probes.’

The results are reproduced in Table 1. The probes are ranked with explanatory comments.
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Rank ordering of probes

' Rank

Probe

Rationale

Passive Probe

The measurement errors were small, the costs low and the
probes easy to use for large to moderately sized LRUs. If the
probes were repackaged to make them smaller, their
usefulness would be extended.

Coax with Series Resistor

The measurement errors were small as long as the series
resistor was significantly greater than the load resistance.

They take little space; however, they are fragile and difficult to
install. If this type of probe would be commercially produced
to improve the operational problems with soldering and
mechanical stress, this sensor would rank with the commercial
passive voltage probes. They are relatively inexpensive.

Current Probe

The measurement errors were small. The measurement can be
made external to the LRU. Impedance measurements are not
easy to make; however, in some instances, a simple constant
load impedance can be used. The effectiveness of the probe
can be noise limited depending on the induced wire currents.
The costs for the probes are low. This technique could be
combined with a voltage measurement as indicated above to
calculate an equivalent load impedance. This could then be
used with current measurements to speed up testing.

Active Differential Probe

The measurement errors were assumed to be very small. A
full-up system (rather than the adapted system used) should
provide measurements with the lowest noise. The installation
of the probe is very difficult. The probe head and the
associated fiber-optic link will not fit into small spaces. The
probe is very expensive and requires a differential input
NanoFast fiber-optic link to derive its power. Use of this
probe should be very limited.

Coax

Largest errors. Easy to install and use.

Table 1.

The ranking of probes used in testing the EMPTAC’
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The passive probes are deemed the best by the authors of this ranking, particularly for
large line replaceable units (LRUs). These commercially available probes, however, can be too
large for some systems and have a limited voltage range. Commercially available voltage probes
are typically capacitively cbmpensated, and therefore, have a limited bandwidth. For lower
frequency applications, similar (capacitively coupled) probes could be constructed, on site, using
very small components, thereby extending their usefulness. The bandwidth of the commercially
available version of this probe is such that it is not applicable for high frequency applications.

The probe which is ranked second is the one that is typically used in direct drive testing,
and has been discussed in Section 3.3.2. The “rationale” comments state that the impedance of
the asset relative to the probe input impedance determines the accuracy of the measurement.
This is true for all voltage divider measurements and, more precisely, the probe input impedance
should be greater than ten times the asset impedance. That is to be contrasted with the inaccurate
measurements obtained with the coax probe. Although the coax probe has an excellent
frequency response, accurate measurements are obtained only if the node impedance is less than
5Q. That is, the coax has an input impedance of 50Q, and thus, accurate measurements can be

obtained for load impedances whose value is less than 5Q.
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4.0 PROBE LOADING EFFECTS

Network theory provides a valid model to portray the complicated systems under test by
the direct injection method of HPM simulation. In general, any system can be represented by a
n-port network, where each circuit node is a potential port. In direct injection testing, the device
under test is represented by at least a 1-port, which is the case where the signal is monitored at
the node being driven. Moreover, a model can be generated in which the direct drive source is
part of the network, and the asset is a one port with the voltage probe as the load. This model is

represented by -

Figure 8.

L]

\ |
/1
O

ASSET R

Figure 8. The model of a circuit as a one port network. The voltage probe is shown
- schematically as a load to the one port circuit.

Of course, the quantity of interest is the voltage at a circuit node. Since the node has an
impedance to ground and a voltage of arbitrary waveshape, the node can be fully represented by
a voltage source with an equivalent impedance. This equivalent voltage source, represented by
V,, will be referred to as the “node voltage” to distinguish it from the physical voltage generator,

although the loading effects outlined here are also relevant.
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The node can be modeled as a waveform generator with a series resistance and a shunt
capacitance. If the asset is a linear system, then this model reduces to an application of
Thevenin’s theorem. This model is fully justified by nodal analysis of circuit topology for a
general network. That is, any branch cut will have an associated voltage and an equivalent

impedance to ground.®'° Thus, the 1-port model of an asset can be modeled as shown in

Figure 9.

— _ _

_/VVV\ o

\ |
/1
O

Figure 9. Model of the circuit node as a node voltage source with an associated
impedance.

Loading effects manifest differently when measuring signals from pulse and continuous
wave sources. The parameters relevant to pulse sources are amplitude, risetime, transient
response, and time distortions. Narrowband sources are concerned with amplitude and phase

distortion. Typically, a signal source is portrayed as purely resistive, and the probe is evaluated
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via degradation associated with probe input capacitance. In reality, however, the source has
some output capacitance which shunts the series source resistance.!® This relationship is shown
schematically in Figure 9 and conveys the relationship between the shunt capacitance and the
source output waveform. Typical values of source capacitance are in the range of one to 100 pF
and source resistance may be anywhere in the range of a few mQ to several hundred ohm, and is
circuit specific.

When the probe is connected across the output terminals of the source, as shown in

Figure 10, the probe’s input parameters, both resistive and reactive, add to the source

- parameters. An investigation of the relative size of the perturbance of the source output, for both

narrowband and ultrawideband sources, follows.

MV —T——— W
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Figure 10.  The equivalent circuit of the voltage source, which respresents the node of

the circuit under test, being monitored with a voltage probe. The voltage probe also has an
associated shunt capacitance.

4.1  Resistive Loading of a Node Voltage

Using the circuit of Figure 10, the circuit can be analyzed. If the input resistance of the
probe, R, is greater than 10 times the node resistance, R,, the probe resistance can be ignored.

The probe capacitance, C,, adds to the shunt capacitance of the node.
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To evaluate the effect of resistive loading on the circuit by the probe consider a pulse
node voltage whose series resistance is such that it does not meet the criteria, R, <10 R, .
Thevenin’s Theorem can be used to evaluate the effect of resistive loading on the node voltage.

The Thevenin equivalent resistance, Ryy, is the parallel combination of

R,andR,,

and the Thevenin equivalent voltage, Vy , is given by,

V_V""R =V R"
TH 'é:'m noRn+Rp

To quantify the the effect of loading the circuit by the probe, consider a node with the following

parameters:
R, C, R, C, Ry Vi
200 Q 20 pF 1kQ 1 pF 166 Q 0.833V,,

Note that the Thevenin equivalent resistance, 166.70Q, is less than the node resistance, 200 Q.
Thus, the voltage measured by the probe, Vo, is only 83% that of the true voltage, V.

R
tt = 22RC, =1t —2
R + R,

4.2  Capacitive Loading of UWB Sources

The result of resistive loading by the probe results in a reduced peak voltage in both NB
and UWB sources. However, the effect of probe capacitance on the measured signal manifests
differently for UWB and NB voltage sources.

The capacitive component of the probe impedance, C, effectively adds to the node

capacitance, C,, in a pulse voltage node source, as shown in Figure 11.
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Figure 11.  The effect of‘probe capac-itance, C, on a pulse node source of amplitude A\
The probe capacitance is in parallel with the node capacitance, C,.

If the probe does not resistively load the circuit, the probe resistance, R, may be

excluded. As illustrated in Figure 11, the effective risetime of the pulse, o, is

W =22R(C,*+C) .

It should be noted that the probe capacitance adds to the node capacitance regardless of its

relative size. Thus, it is imperative that the probe capacitance be kept to a minimum.

43 Exploiting Resistive Loading to Increase the Risetime of UWB Sources

In some experimental situation, an increased risetime is desirable. Since direct injection
work uses UWB sources for testing, the following treatise is included to illustrate how
deliberately loading the UWB source can result in an increased pulse risetime, with a cost in
peak amplitude. That is, a pulse source with a specified risetime and maximum amplitude can be
altered by intentionally loading the source output. An example of a loaded source output is

shown in Figure 12.
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Figure 12.  Equivalent circuit of a loaded source.

The resistance, R, is the series load resistance of the pulse generator. The addition of a
shunt resistor, Ry, to the pulse generator changes the effective series output resistance. To
illustrate the effect of a shunt resistor on the performance of a generator, let the following values
in Table 2 apply, where the superscript L’ denotes the values upon loading. The Thevenin
equivalent source resistance, Ry, is 10 Q. Thus, by loading the generator circuit with a 50Q
shunt resistor, a significantly faster risetime can be achieved at the expense of peak generator

amplitude.
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Effective Loaded
Parameters Specifications
Specifications
R, 450Q 450Q
Vot 100V 10V
R, | 50Q
tt 100nsec 10nsec
Table 2. The source, with a series resistance of 450 Q and a risetime of 100 ns can be

loaded with a 50 Q shunt resistance to decrease the effective source risetime to 10 ns.

The peak amplitude, V,,, and effective generator risetime, t," , may be calculated using
the value of the Thevenin equivalent source resistance. The pulse generator is current limited,
and, thus, the peak voltage is determined from the effective series resistance of the source. The
maximum value of current, is determined from the specified values of the unloaded generator,

V

1 ==
Rl
Under loaded conditions, the loaded peak voltage, VL, decreases to accommodate the
effective impedance, Ry, of the loaded generator. The loaded peak voltage, Vb, can be

calculated in terms of the specified peak voltage, V,,,, from

L - R.\'RL
Vie = IRy = Voy =5
s L

If the intrinsic shunt capacitance of the loading resistor is small, the effective risetime of
the loaded generator will increase due to the reduced effective series resistance. The specified
risetime of the generator, t,, can be used to determine the new risetime, t* of the pulse generator

via the following relation,

tL"R"’

, Tst'
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4.4  Capacitive Effects on NB Sources
Because capacitance effects on narrowband signals are so important, the effects of the

internal capacitance and capacitive loading from the probe will be treated separately.

4.4.1 Effects of Internal Source Capacitance

To illustrate the effects of capacitive loading of a NB node voltage source, the circuit of
Figure 13 will be used as the source model. The capacitance, C,, is the internal capacitance of

either a node voltage source or an external NB source.

<
\|
/1
@

Figure 13.  The model of a narrowband source.

For an narrowband source, the shunt capacitance at frequency, f,,, is an equivalent
reactance, .X,, which adds to the equivalent output impedance of the source. The reactance, X, is

computed from

X
" 2nf,C,
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The equivalent impedance and phase angle is calculated using phasors. The impedance at a

given frequency is
Z, = R} + X,
and angle of the phase shift can be computed from

tanp = i
z,

The relationship between the phasor components is illustrated in Figure 14.

Figure 14.  The phaser relationship between the node impedance components

The voltage is measured with an ideal probe, that is, with no capacitance and infinite

impedance, and is given by

X
=y I
ZII

1 no

where V| is the voltage which is registered on the recording device. Note as the reactance
changes with frequency, the peak signal voltage will drop. This is commonly seen when using a
NB signal generator at a given power level: as the frequency is changed, the voltage which is

registered on the recording device drops.
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The point at which the voltage drops to 3dB of its DC value is called the bandwidth of the
source. In terms of percentage, on a plot of peak voltage, V,,, and frequency, the bandwidth is
determined to be the point at which the measured voltage, V, falls to 70.7% of its initial value,

V.o, as illustrated in Figure 15.

Vo
A

100% —
70.7%— ..

*

>

DC BW Frequency

Figure 15.  Effect of NB source capacitance on the bandwidth, bw.

To illustrate the effect of the intrinsic source capacitance on the source output, the

following table has been constructed.

Jao R, C, X, Z, VvePe
10MHz 200Q 20pF 796Q 8200 97%
100 MHZ 200Q 20pF 79.5Q 215.5Q 37%
500 MHZ 200Q 20pF 16Q 200 8%
1 GHz 2000 20pF 8Q 200 4%
Table 3. The effect of frequency on the measured voltage, V|, at constant source

resistance, R, and capacitance, C,.
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Note that almost the full signal is delivered at a frequency of 10 MHZ despite the
magnitude of the resultant impedance, Z,, being far in excess of the series resistance, R,. The

magnitude of the impedance is dominated by the reactive term, X,

4.4.2 Capacitive Loading by a Probe

The addition of a probe to a narrowband source also affects node voltage source
performance, in a similar fashion to that seen in pulse sources. The model for a narrowband
source and a probe is shown in Figure 16.

The relative magnitude of the equivalent circuit components, R;, C,, Ry, and C;, determine
the loading on the CW source. If the probe does not resistively load the node voltage source,
then R, may be disregarded in the model. The capacitance of the source adds to the probe
capacitance. Of course, the equivalent reactance could also be combined via the relation,

f - 1
" 28f,(C, * C)

and the measured voltage, V,, is reduced by the fraction, (X,*7/ Z,).

Figure 16. Model of a narrowband source which is being monitored by a voltage
probe.
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45  Complex Loading of a Node Voltage Source

4.5.1 Capacitive and Resistive Loading on a NB Node Voltage Source

If, Rp < 10 R, the probe will resistively load the source circuit and will effect the source
voltage amplitude and series resistance. If the probe also has a significant capacitance, the probe
will affect both the amplitude and phase relationship of the measured signal.

The equivalent resistance, Ryy, is the parallel combination of R, and R,. That s,

Note the effective resistance replaces the specified series source resistance, and the peak voltage
amplitude, V|, is a fraction of the specified generator amplitude V.

To illustrate the impact of probe loading on a narrowband signal measurement, let the

following values apply: R, =200Q, C, = 20pF, R, = 1kQ, Cp = 20pF as shown in
Figure 17.

The effects of excessive reactive and resistive loading act in collusion to degrade the
signal output. Under resistively loaded conditions, the percentage of voltage output must be
referenced back to the effective Thevenin voltage. Thus, the percentage degradation of the
signal output under complex loaded conditions can be expressed as,

X'.ﬂ'
=y n

f |
VRm + &)
where X T is given by

x7 = 1
" 2%/, *C)
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Thus, as shown in Figure 17, the effect of loading of a voltage node source by the probe can

cause serious measurement errors which can be eliminated by careful measuring techniques.

R,=1KQ

0.833 V,, f, Rer=1670Q

W |

(C,+C)=40pF

\l
2l

Figure 17.  An example to illustrate the effect of complex probe loading on a
narrowband signal. Note that both the effective resistance and capacitance is altered from
the unloaded signal.

4.5.2 Capacitive and Resistive L.oading on an UWB Node Voltage Source

Fof UWRB sources, the reduced effective node resistance, Ry, which results from resistive
loading of the probe, affects the risetime of the loaded node voltage pulse. The measured pulse
risetime, t.b, for the loaded source is altered, and can be calculated from the

Thevenin equivalent parameters from

t} =22 R, (C,+C) .
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This value is altered from the unloaded value, since the equivalent Thevenin resistance is
reduced from the node resistance, but the capacitance is increased. Thus, the effective risetime of

the complexly loaded node depends on the relative size of the resistive and reactive loadings.

4.6  Predictions of system measurements

This treatise has dealt explicitly with the change in a signal source with the addition of a
measurement probe. The results show that the ideal probe has an infinitely high resistance and
no reactance. Thus far, no mention has been made of system considerations. In general, the
 risetime of a system is determined by the response capabilities of the system components. To

determine the measurement system capability, the displayed risetime, f, . is obtained from,'

- 2 2 2
tym - ¢trm + trprobc + tru‘qx

where ¢

r source

is the effective risetime, including any probe loading.

For a narrowband signal generator, the source risetime, ¢, ,,,... is not applicable, of course,
and a zero can be substituted in the above equation. With a specific sinewave signal, the
bandwidth of the probe and viewing device also plays a strong role in its ability to predict the
waveform. The system bandwidth, bw, can be related to the system risetime, t, ; gem, by

combining the equations for a RC network." The 10-90% risetime is given by

f ouen = 22RC
and the 3dB bandwidth, bw, is given by
_ 1
2nRC
Combining these relations, yields,
=035
7 system bw
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50 MEASURING THE NODE IMPEDANCE WITH A VECTOR

NETWORK ANALYZER

It has been established in Sections 3.1 and 3.2 that the input impedance of the probe, R,
must be ten times greater than the impedance to circuit ground of the node under test, R,. That

is, the measurement will accurately reflect the voltage at the node providing

R > 10R
P n

The node impedance to ground is, in general, a function of frequency. Hence, the above criteria
must be met for the frequencies of interest for the measurements to be valid in the test frequency
range. For clarity, the procedure for measuring the node impedance to ground as a function of
frequency is elucidated.

The circuit node impedance to ground is recorded by performing a S11 measurement
using a network analyzer. This is a standard calibration of a one port circuit. The network
analyzer has an appropriate calibration kit for the connectors of the device under test which is
used to perform the S11 measurements over the frequency range. The measurement is referenced
to a chosen plane. If the node under test contains a DC signal, a DC block is included in the test
setup, and must be incorporated into the calibration procedure.

The calibration set uses the wave travel time between the circuit and the network analyzer
to determine the wave reflection properties. The network analyzer uses a default reference
dielectric constant for calibration, unless specified otherwise. The true calibration is calculated
from the length and dielectric constant, e, of the connecting cable between the network analyzer
and circuit under test. Some network analyzer models allow for a change in the velocity of
propagatidn (Vp) of the electrical conduit from the default value; otherwise, the time delay can
be calculated. The calculation of the delay time, caused by the addition of the connecting cable,
extends the reference plane.

Select the S11 measurement on the vector network analyzer and then choose the phase
format for displaying information. Using the electrical delay, flatten the trace on the Cartesian
format. Alternately, one can make the smallest cluster with a polar or smith chart format. Note,

several transitions in phase may occur because of the device.
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The length which is displayed on the network analyzer’s CRT is a two way wave travel
time. The true electrical length is this value divided by two, a one way travel time. One
anticipates this value by the physical length of the cable. If the expected and measured values do
not agree, the electrical length of the circuit under test must also be measured. This manifests in
the Cartesian format that a flat response is not possible and in the Smith chart format a small
cluster is not possible. If the device interferes with the measurement, the time domain should be
used. To determine the electrical length, insert a short circuit at the node of the circuit under

test. Turn on a marker on the analyzer display and read the two way propagation time to the

| short. This is value is the electrical length of the line to the circuit.

When the electrical length has been determined, the display should be changed to the
Smith Chart format. If the marker is not already turned on, do so at this point. Enter the
frequencies of interest in the calibrated band while in the marker mode (active display) and read

the real and imaginary impedance values for each frequency point entered.
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6.0 PRELIMINARY NARROWBAND EXPERIMENTS

It has long been suspected that techniques used in low frequency direct drive experiments
yield inaccurate results at higher frequencies. One of the objectives of this project is to develop
direct drive techniques which will provide reliable data at frequencies exceeding 400 MHZ.

To this end, the first task was to assess the current techniques involved in direct drive
experiments. Although both current and voltage measurements are used in low frequency direct
drive techniques, voltage probes are more suitable for high frequency testing and are easily
modified for insertion into physically constrained spaces.

In evaluating the techniques currently used in direct injection testing, two fundamental
assumptions of the methodology were identified as suspect and worthy of investigation. The first
assumption is the voltage probe’s invariance with frequency, and the second is the contention
that the impedance of the asset is 50 ohms at all nodes. To evaluate these assumptions the circuit

of Figure 18 was constructed.
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Figure 18.  The experimental test setup. The load impedance was alternately the NATO
cylinder and a commercially available coaxial termination which was rated to 18 GHz.
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The voltage dividing ratio is used as a metric in the exploration of probe performance
because it is the most fundamental quantity associated with the voltage probe. The voltage
division ratio is the ratio of the voltage being measured (the “source”),V;, to the voltage output of
the probe, V. If the fundamental assumptions of probe design are valid, the voltage division
ratio will be constant with respect to frequency. To investigate if the validity of the fundamental
assumptions, an experiment was configured to test the operation of the probe while measuring,

separately, an ideal 50Q impedance load and a real asset node.

6.1  The Asset Description

The objective of this research effort was to develop a testing methodology, and so, the
test object used was of secondary importance. A “NATO SNR cylinder” was chosen as a test
device. At a North Atlantic Treaty Organization workshop on HPM testing, the participants
agreed that measurement of microwave coupling to a generic test object would provide a
standard from which comparisons could be made." Toward this end, a generic thin walled
cylinder, the “NATO cylinder,” with the option of an installed standardized circuit board was
chosen as the common test item for the participating countries. For this research, only the circuit
board portion of the NATO cylinder was utilized for the direct injection tests, and will be
referred to as the NATO cylinder.

6.2 Test Point Selection
Generally, test point candidates are chosen on the basis of the circuitry involved. For this
test, the two nodes used were chosen solely on the basis of prior tests. The results of that test are

documented in “Direct Injection Test Report for the SNR Cylinder”.!? The two nodes are:

Component Pin Function
NSC800 Microprocessor 33 Reset In
NSC800 Microprocessor 25 Interrupt
Table 4. Test point selection.
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In these narrowband experiments, the applied frequency was generally set at 10, 30, 50 MHZ,
then from 100 MHZ to 1 GHz in 100 MHZ increments.

6.3  Measurement of the Voltage Division Ratio under Two Load Conditions

In these preliminary experiments, the load being measured was varied between the circuit
under test and an ideal 50 Q load. This ideal load is a 50 Q RF termination, which simulates the
assumption of a 50 Q ohm asset impedance. The effect of these loads on the voltage dividing
ratio is shown in Figure 19.

The voltage probe is designed to give a voltage division ratio of ‘21°, which is shown in
Figure 19 as a reference. The experimental data designated “probe with 50 ohm termination”
shows that the probe itself responds to a high frequency signal. The degradation of the voltage
division ratio in this case is attributed solely to probe performance. Probe performance is
documented separately in Section 7.

The experimental data labeled “Probe with asset termination” is obtained by attaching the
probe output to Pin 33 of the NATO cylinder board. It is abundantly clear that the asset affects
the performance of the probe. The voltage division ratio varies from a value of 0 at 10 MHZ to
100 at 500 MHZ in an erratic fashion. This experimental data is a combination of the variation
in probe response with frequency and the variation of the asset input impedance with frequency.
The convoluted relationship between the complex impedance of the asset and the degradation of
the voltage probe with frequency creates a challenging experimental task.

The large variations of the probe voltage with the asset as the terminating load has been
identified as a result of the voltage standing wave ratio (VSWR) . To illustrate the effect of a
VSWR on a measurement, assume a lossless transmission line, with characteristic impedance Z,),
is terminated in an arbitrary load of impedance, Z,. When a narrowband signal, in the forrh
Ve, is generated at z < 0, the incident wave is partially reflected. This reflected wave
interferes with the incident wave. The reflected wave is given as V,€*2 . The resultant voltage

along the line, then, is given by

Wz) = Vel + Ve
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Figure 19.  The effect of various loads on the voltage division ratio under narrowband
excitation. The asset is mismatched to the RF feed line which results in a VSWR. This
experiment illustrates the insidious result of an unknown DUT node impedance.
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The relationship between the incident and reflected voltages is

- +

where T, the reflection coefficient, is given by,

_ZL.-ZO
Z, + 2,

The resultant voltage along the length of the transmission line is given by

Vz) = V, (e + Tel

The voltage, then, varies with position, z, along the transmission line. The maximum voltage

which is measured, Vy,,, is

Vi = 710 + T,

and the minimum voltage, V,, is

Vi = Vo | A=TD

The voltage at any location, z,, along the transmission line, is

Ve) = V) (™ +Te™)

Graphically, the voltage along the length of the transmission line is shown in Figure 20.
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Figure 20a. The model of theRF excitation of the load impedance. If the load impedance
and the transmission line impedance are mismatched, a standing wave will be establish.

Figure 20b. The voltage along the length of a transmission line under narrowband
excitation and impedance mismatched conditions.
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The phenomena of standing waves along a transmission line are characterized by the

voltage standing wave ratio, VSWR, which is given by

vswr = Vel - 14IT|
Vil 11T

In this experiment, the source voltage is a narrowband signal, and as the frequency is
changed, the positions of the location of the voltage maxima and minima shift. The voltage
probe is located at a fixed position. Thus, the voltage measurement changes with frequency at
_ least partially because the voltage at the measurement location changes with frequency. It is also
suspected that the node impedance of the asset changes with frequency, yielding a reflection
coefficient which changes with frequency. These two factors combine to yield the inconsistent
voltage dividing ratios which were measured and shown in Figure 19. This experimental
exercise illustrates the misleading results which are easily obtained without proper evaluation of

the critical node points prior to testing.
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7.0  Z, Voltage Probe Evaluation

The measurement of an electronic circuits response to a direct drive excitation requires
that the probe not disturb the normal operation of the circuit while providing sufficient sensitivity
to measure the circuit response. A Z, voltage divider can be designed which meets these
requirements.

Typically, a Z, voltage probe is constructed by soldering a 1 kQ resistor to the center
conductor of a length of transmission line, which is terminated in the impedance of the
measuring device. Solid shield coaxial cable, nicknamed CuJac, is often used to reduce
impinging electromagnetic interference.

The choice of resistor type is controversial in the DIT community. Generally, either a
chip resistor is chosen for its low inductance, or an 1/8 watt carbon composition resistor is used
for its ease of handling. The physical size of the low wattage carbon composition resistor is very
compatible with the physical size of the CuJac. The solid copper outer conductor is pulled over
the resistor which minimizes the length of the wire, and therefore, the inductance to the local
ground of the asset. Real resistors, however, have an intrinsic capacitance which is associated
with their construction. Moreover, the inclusion of the probe into a circuit, with finite lengths of
wire, result in the addition of stray reactance. Stray reactance becomes increasingly important at
high frequency, and thus, a circuit simulation was performed to evaluate the effect of intrinsic
reactances on Z, voltage probe performance. The simulation results are compared to measured
voltage probe frequency responses.

Several currently used techniques for voltage probes have been tested to evaluate their
performance as a function of frequency. First, a transmission line is used in the experimental
setup to ilfustrate the pitfall one could fall into if using this probe improperly, and to evaluate its
frequency response. The voltage probes which were constructed using carbon composition and
chip resistors are evaluated. These are presently the resistors of choice for most voltage
monitoring applications. Their performance is shown to be unacceptable for high frequency
applications. However, specially designed resistors from which acceptable probes can be

constructed are commercially available. This effort measures their frequency characteristics.
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7.1 The Experimental Setup

It was found in preliminary experiments that the probe and circuit under test interact under
narrowband excitation. An experimental effort was undertaken to investigate the frequency
response of the voltage i)robes for use in DIT. The experiment is designed to be independent of

the DUT, and thus, focuses solely on the probe performance . The experimental setup is given in

Figure 21.
RESISTIVE COAXIAL
SWEEPER I POWER RF
DIVIDER TERMINATION
TEKTRONIX
DSA 602 <

Figure 21.  The experimental setup for the evaluation of Z, voltage probes. The RF
termination simulates a 50 Q circuit node impedance.

The circuit is simulated by a 50 Q load which is rated at high frequencies: a 50 Q RF
terminator. This resistive load provides a well characterized component which simulates the ideal,

matched condition of a 50 Q asset input impedance.
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7.2 Transmission Lines used as 50 Q Voltage Probes

The use of a “lossless” transmission line as a voltage probe has been discussed in Section
3.3.3, and was included in this series of experiments for completeness. Transmission lines are
desirable for use as voltage probes because of their compactness and excellent frequency
response. However, they are only appropriate for circuit nodes which have an impedance of less
than 5 Q. Many circuit types do have impedances this low. For instance, Cascade Microtech has
commercially available, broadband 50 Q probes for laser diode applications, multiport MMICs,
low impedance power amplifiers and discrete transistors.

The results of using a transmission line to measure the voltage of a 50 Q impedance is
shown in Figure 22. The experimental setup of Figure 21 is used to investigate the voltage
dividing ratio in the frequency range 10 MHZ to 1 GHZ. The ideal voltage division ratio is
assumed to be 1:1. In this experiment, using a 50 Q terminating load on the oscilloscope, the

measured ratio is 1.5. The frequency response of the transmission line is very good as expected.
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The measured ratio of 1.5 1s explained with the aid of Figure 23 which shows a circuit
model of the cable probe measuring a 50 Q asset. The transmission line voltage probe is
modeled as its characteristic impedance, Z,, which is 50 Q. However, the transmission line
which connects to the RF source also has a characteristic impedance of 50 Q. The characteristic
impedance is modeled as a resistor located between the center and outer conductors of the real
transmission line. Hence, the equivalent resistance, Z, of the RF feed transmission line is in
parallel with the 50 0 RF load. The parallel combination of impedance is 25 Q, which results in -

a voltage divider ratio of 1.5. Knowledge of the correct ratio is essential if a cable probe is used.

Vs 7ZoRT +RsRT * ZoRs

= d/’——’—:VOLTAGE DIVIDER RATIO
\VA Rs (RT + Zo )

Figure23.  The equivalent circuit model of the experimental setup of Figure 22. The
model is analyzed to correctly predict the voltage divison ratio when using a 50 Q
transmission line to monitor the voltage on a 50 Q load. The transmission line loads the
circuit under test.

It should be noted that a transmission line is an inappropriate choice for measuring a 50 Q
load. Moreover, this cannot be corrected since the probe interferes with the circuit under test by
drawing excessive current through the transmission line “probe”. A transmission line, with an
input impedance of 50 Q, can only be used to accurately measure loads with impedances less

than 5 Q.
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To illustrate this point, experimental verification of this criteria is provided. The
electromagnetic coupling crossection of an electronic system was measured by the test
engineer *** using two probes. One was a 1050 Q Z, probe and the other was a transmission
line (CuJac) probe. The crossection, as measured with the Z, probé was quickly recognized by
the engineer as being unreasonably large over 1 GHz. The crossection which was measured with

the CuJac probe is shown in Figure 24.
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Figure 24.  The electromagnetic coupling crossection of a GPS receiver as measured with
a transmission line used as a 50 Q probe.***

After these measurements were made, the node impedance was measured. The resistive
component of the node impedance is shown in Figure 25. The real part of the node impedance is
shown to be near 5 Q in the frequency range of 300 kHz to 3 GHz, thus validating the use of a

transmission line as a voltage probe.

***  Ms. Julie Lawrence, private communication.
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Figure 25. The impedence of the node of the electronic asset which was monitored in
the electromagnetic coupling crossection experiments shown in Figure 24. The impedence
is nearly always S Q. :
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7.3  Pspice Simulations of High Frequency Z, Voltage Probes

The effects of the intrinsic reactance of the resistive component of Z, probes was
evaiuated by simulating the circuit with a Pspice code. The metric used was the voltage division
ratio in the frequency range of 10 MHZ to 1 GHz. The simulation allows an estimation of the
intrinsic reactance of the resistive elements of the measured probe response.

In a Z, probe, the voltage division exploits the resistance of the measuring device. The

+
_ R*R
Oxt RSwpc

I

voltage divider ratio, V, /V,,, is given by
For a resistor value of 1 kQ and a voltage recorder internal impedance of 50 Q, the voltage
division ratio is 21. Thus, the ideal voltage division ratio for a resistive voltage probe, with an
input impedance of 1050 Q is 21.

The circuit of Figure 26 is used to evaluate the effects of intrinsic capacitance of the
resistive element for a Z, probe. The capacitor shunts the resistor. The effect of various

capacitance values on the voltage division ratio is shown in Figure 27.

R
VA

-

()
-/
(@ Jud
N\
Py

Figure 26.  The equivalent circuit of a resistive divider which has an intrinsic shunt
capacitance across the resistive element R, whose value is chosen as 1 kQ. The resistor
R,.opc does not have a shunt capacitor since it represents the S0 Q termination of the
oscilloscope which has negligible capacitance.
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Figure 27.  The effect of various values of shunt capacitance of resistor R, on the voltage

dividing ratio, V;/V . The initial value of 0.03 pF was chosen since it is the value of the
shunt capacitance, as specified by the manufacturer, of a carbon composition resistor.
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Thus, increasing capacitance tends to decrease the voltage dividing ratio, V,/V,,. The
larger the capacitance value, the larger the deviation from the ideal ratio. The simulation
indicates that a capacitance value of 0.03 pF does not significantly change the voltage dividing
ratio of a Z, probe for frequencies up to 1 GHz.

It has been established that the voltage dividing ratio decreases with an increasing shunt
capacitance value. This trend is also strongly dependent on the input resistance of the Z, voltage
probe. The circuit of Figure 26 was used to determine the effect of a 0.1 pF shunt capactance on
the voltage division ratio as the input impedance of the probe is increased. The results of this
Pspice simulation is shown in Figure 28. As the resistance value, R,, is increased from 1 kQ to
2 kQ, the effect of the shunt capacitance on the voltage dividing ratio becomes more severe. For
a 2 kQ resitor shunted with a 0.1 pF capacitor, the voltage division ratio falls to 60 % of its
design value at 1 Ghz. The voltage division ratio for a corresponding probe made with a 1 kQ
resistor falls to only 80 % of its ideal ratio. The results of this simulation indicate that the probe
performance is maximized by choosing a resistor with the lowest acceptable value. That is, the

resistor should meet the criteria,

R - 10R,

In addition to providing a probe in which capacitive effects have the least impact, the sensitivity

of the probe will also be maximized.
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Figure 28.  The effect of a 0.1 pF shunt capacitance on Z; probes of various input
impedances. The capacitance has a much more severe effect on a probe with a 2050 Q
input impedence than on lower impedence probes. These results indicate the lowest
acceptable value of resistor should be used.
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The circuit of Figure 29 is used to evaluate the effects of intrinsic inductance of the
resistive element for a Z, probe. The inductor is in series with the resistor because the same

current flows through both components.

: R1 L1 Vout
1k 50nH

V2 R2 =50

Figure 29.  The circuit used to simulate the effects of inductance on the voltage dividing
ratio for a Z, probe with an input impedance of 1050 Q.

The effect of various inductance values on the voltage division ratio is shown in Figure
30. The results of the Pspice simulation show that intrinsic inductance increases the voltage
dividing ratio as the frequency increases. If care is taken to minimize the inductance in the

experimental setup, inductive effects should not excessively affect measurements.
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Figure 30.  The effect of intrinsic inductance of a resistive element on the voltage
dividing ratio of a Z, probe with an input impedance of 1050 Q.
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7.4  Resistor evaluation

An experiment was designed to investigate the voltage probes which are commonly used
in DIT and their frequency limitations. The integrity of the experiment is insured by using the
voltage division ratio as the parameter for comparison between resistor types. The experimental

setup is that shown in Figure 21.

7.4.1 Commonly used Resistors in Z, Voltage Probes

Chip resistors and non-inductive carbon composition resistors are commonly used to
| make Z, voltage probes. These resistors have features which make them attractive for this type
of probe. For instance, chip resistors are small, with a flat and broad geometry, and hence,
intrinsically low in inductance. Their small size, especially at low wattage, make them ideal for
circuits with limited space to insert a voltage probe. In surveying the DIT community, no
constraints were made on the type of chip resistors which are used, although the designation
“chip resistor” actually encompasses a large variety of manufacturing techniques. Carbon
composition resistors, on the other hand, are cylindrical in shape and can be inserted on the end
of a section of transmission line almost seamlessly. Carbon composition resistors have inductive
leads, and provided the lead lengths are kept short, are low in inductance. To evaluate their use
in Z, voltage probes, various probes were constructed as described in Section 3.3.2.

Representative data is shown in Figure 31. An ideal probe has a voltage division ratio of
21 for all frequencies and is shown by the straight line and designated “ideal probe.” Itis
common for the ideal probe ratio to be assumed by test engineers when conducting direct drive
tests. The curve labeled “Chip resistor” is the measured response of a commonly used 1kQ chip
resistor. The voltage dividing ratio degrades from 21 at 10 MHz to nearly 15 at 1 GHz. The
frequency response of a 1.1kQ carbon composition resistor is also shown to degrade with
increasing frequency. The carbon composition resistor also indicates a voltage division ratio of
approximately 15 at a frequency of 1 GHz.

The results of the Z, voltage probe circuit simulation indicate that a decreasing voltage
dividing ratio with increasing frequency is a capacitive effect. By comparing the experimental

and simulation results, the experimental results could reseanably be interpreted
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Figure 31.  Measurements of the voltage dividing ratio on Z, probes made with carbon
composition and chip resistors. These type of resistors are usually used to make these
probes.
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to be a capacitive effect. However, the capacitance of a carbon composition resistor is measured
to be 0.03 pF. This capacitance should not alter with frequency. Comparing the frequency
response of the probe made with a carbon composition resistor to the Pspice circuit simulation,
the carbon composition resistor has an effective capacitance of approximately 0.2 pF.

A concern when dealing with high frequency is the current path through the component.
At low frequency, the current penetrates fully through the material. As the frequency is
increased, the current tends to travel towards the surface of the component, a phenomena which
is well known as the skin depth. This altered current path may affect the actual resistance of the
component by lowering the effective crossectional area.

To illustrate the effect of high frequency on the resistance of a material, examine the
internal resistance of a cylindrical wire. At low frequency, the resistance of a wire of length, s,

and radius, 1, is given by'

§

(nr?)

R, = psiA =0p

For AC, the current travels along the surface to the skin depth, &, and the AC resistance is

_ S

R =
Ac p(zma)

The skin depth, &, can be computed from

1

Jnfu,o,

o =

Since the skin depth cannot exceed the wire radius, the AC resistance is always greater than its
DC value. This increase in the resistance at high frequency will result in an increased voltage
division ratio. This conclusion is apparent from the voltage division ratio,

Vl Rl + R.w:qc
v, R

scops
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That is, an increase in R, results in an increase in the voltage division ratio, V,/V .

However, the effect of shunt capacitance on the voltage division ratio is more severe at
higher resistance values, which has been illustrated in Section 7.3, Figure 28. It is likely that the
effective resistance of some chip resistors and carbon composition resistors increases somewhat
with high frequency due to skin depth effects, and it is unlikely that this accounts for the
experiemental results. The increase in resistance with frequency increases the voltage division
ratio and shunt capacitance effect decrease in voltage dividing ratio. These competing effects
explain why the measured voltage division ratios do not decrease parabolically as the circuit

simulations show, but rather tend to decrease in a somewhat more linear fashion.

7.4.2 Resistors rated for high frequency

To investigate if the resistor itself is responsible for the degradation in probe
performance, additional probes, of identical construction to those above, were made using
various resistor types which are rated for high frequency. The experimentally determined
voltage division ratios are plotted as a function of frequency for these resistors in Figure 32.

The carbon film rod resistor denoted “RF rod” is a commercially available resistor which
is specifically rated for use at high frequency. For these preliminary tests, resistor samples with a
nominal value of 100 Q were obtained. A probe with an input resistance of 250 Q was made.
Although the resistor values are too low for the 50 Q experimental test circuit load, the voltage
division ratio does not vary with frequency. This conclusively indicates the resistive component
is responsible for a degradation in the performance with increasing frequency of this class of
probe. Rod resistors, available from Component General, come in standard sizes to 500 Q.
Values up to 1kQ can be custom made. A probe was tested with this special order item and is
also shown in Figure 32. The Z, voltage probe made with the 1kQ RF rod resistor shows an
increase in the voltage division ratio with increasing frequency. The reason for this increase is
unclear, but may be due to manufacturing considerations, since this is the highest value of this
type of resistor which is available. Figure 32 also shows the voltage division ratio for a thick
film chip resistor which is available through State of the Art, Inc. The frequency response is

excellent, since no degradation at increasing frequency is apparent.
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Figure 32.  The frequency response of Z, voltage probes which are made with resistors
which are rated for high frequencies. Note the probe made with two 100Q RF rod resistors
is loading the experimental test circuit, but is included to show the frequency response is
excellent.
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7.5 Comparison of Various Probe Constructions

One of the persistent problems in using Z, probes is their mechanical frailty. In an effort to
address this problem for some applications, the construction of the probes was investigated. One
design increased the mechanical stability of the probe by backing the chip resistor with printed
circuit board and epoxy. The response was very good and prompted a look into various probe
constructions.

Probe constructions have been previously studied but focused exclusively on the
connection of the probe to ground. As expected, inductive ground paths were found to be
 detrimental to voltage probe operation by altering the effective impedance at high frequency.
This is expected because a wire has an internal inductance. The internal inductance of a circular

wire of radius, r, and length, s, expressed in meters, is given by

L=o.2s[1n(§)—1] uH .
r

The internal inductance of a wire is different than the external inductance which increases
as the loop area. The internal inductance of a wire does not have to be in loop, and this internal
inductance is the reason that long wire lengths on resistors are undesirable. The equations for
rectangular lengths of conductors are different than the above equations, and tend to reduce the
inductance of the conductor. This is why straps are desirable for grounding applications where
conductor lengths may be long.

A test of the specific construction of voltage probes was conducted. A carbon
composition resistor was used to construct two probes; one is a standard construction and the
other is a fully shielded probe. The shielded probe covers the resistor with a portion of the solid
copper jacket which makes up the outer conductor as illustrated in Figure 33. The extended
outer conductor minimizes the connection length to circuit ground and enhances the mechanical
strength of the probe. It also affects the stray capacitance to ground in the vicinity of the

resistive element.
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Figure 33.  Two Z, voltage probes were contructed using carbon composition resistors to
- evaluate the effect of probe design on its performance. The probe shown here is refered to
as the “shielded construction.” It was meant to simulate the common practice of pulling
the shielding over the resistor.

The frequency response of each of these two probes is shown in Figure 34. The
conventionally constructed probe has a decreasing transfer response function as frequency is
increased. The shielded probe has a response which degrades rapidly (compared to a similiar
conventional probe), then increases again, nearly to its starting ratio. The decrease in the voltage
dividing ratio has been identified as being largely the result of capacitive shunting. The rise in
voltage dividing ratio has been identified, by a Pspice circuit simulation, as an inductive effect.
Thus, this unexpected behavior is a response to the competing behavior of the decrease in
effective resistance and increase in reactance with increasing frequency.

To further investigate the effect of probe construction on performance, a series of probes
were made using RF rod resistors. The various probes designs are labeled A, B, C, and D. The
effect of the various probe designs on the voltage dividing ratio are shown in Figure 35. The

various probe designs were mainly an investigation of ways to increase their mechanical

stability, but provide information on the importance of characterizing a probe prior to its

installation in a DUT.
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Figure 34. The voltage division ratio of two probes made with carbon composition
resistors. One probe is a standard Z0 probe and the other is fully shielded. The fully
shielded probe show the effect of the added inductance at higher frequencies.
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Figure 35.
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The effect of various probe constuctions on the voltage dividing ratio. A fair

- amount of discrepancy is evident in the various probe constructions.
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8.0 METHODS OF CHARACTERIZING VOLTAGE PROBES:
THE TRANSFER FUNCTION

The first step in a direct drive experiment should be the selection and complete
characterization of the probes to be used in the experiment. The pretest chores will necessarily
include measuring the node impedance and choosing an appropriate probe. Maximum sensitivity
will be achieved if the lowest value of input resistance, which does not load the circuit node, is
used. Neglect of this pretest task can result in faulty data. It should be noted that a transfer
function measurement cannot correct for circuit loading effects because an inappropriately
- chosen probe will draw excessive current from the circuit under test and perturb circuit operation.

The probes can be characterized in many ways, but one of the most popular techniques
for high frequency applications is the transfer function. The transfer function is schematically

represented in Figure 36.

Fl—>| T(H |—>C()

Figure 36.  The transfer function.

The transfer function, T(f), is defined as,

= G0
=

where F(f) is the excitation function and G(f) is the response function of the system.

For a voltage probe, the transfer function is a representation of the voltage division ratio.
That is, the input voltage, V,, is the driving function F(f) and the output voltage, V,, is the
response function, G(f). Explicitly, the theoretical transfer function is the scenario of a purely

resistive probe and can be calculated from
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where V| is the input voltage, V,, , is the measured voltage at the analyzer, R, is the resistance
of the analyzer, and is typically 50Q. The input resistance of the resistive probe is
Ry + Rygope)-
Thus, the transfer function for a resistive divider probe should be flat and centered about
its ideal value as calculated from the above equation. To illustrate the importance of verifying
probe characteristics, the transfer function of two probes will be discussed one that has been used

in direct drive tests, and one which this team constructed.

8.1 Demonstration of Present High Frequency Probe Operation

The transfer function measurement of a probe which is used in a state of the art direct
drive facilitator for use with avionics systems is shown in Figure 37. Citing Figure 37, the 3dB
bandwidth of the probe is approximately 700 MHZ. Note that for the 1 kQ chip resistor probe,
designed as in Figure 38, the ideal ratio is -32.26 dB. During the scan frequency of 300 kHz to 3
GHZ, the voltage division ratio changes over 12dB. The rationale for allowing such a large
change is that the measured transfer function is used to reconstruct the measured signal, with the
contention that the data can be corrected for the probe degradation. This ignored the loading
effects from the probe on the signal. From the treatise on signal measurements in Section 4.0,

however, it has been shown that circuit loading effects are the result of both reactive and resistive

elements.
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Figure 37.  The transfer function of probes used on a typical direct drive experiment.
Note the bandwidth is approximately 700 MHZ. The transfer function changes over 12 dB
in the frequency range 300kHz to 3 Ghz.

The above probe is constructed slightly different than the configuration shown in Section

3.3.2. A 50 Q resistor is inserted to ground as shown in Figure 39 to minimize the reflections.
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Figure 38.  The schematic of the voltage probes used to obtain the transfer functions of
Figure 37.

The 50 Q resistor is in parallel with the 50 Q resistance of the recorder, Ry,

R *+ R

R,

Vi
VM

where R, is the equivalent parallel resistance of the 50 Q resistor and the 50 Q resistance of the
recorder. The addition of the 50 Q resistor to ground serves to increase the voltage dividing
ratio to 41 for a Z, probe using 1 kQ resistance at the input. In dB, this voltage dividing ratio
corresponds to a transfer function magnitude of +32.26 dB. Figure 37 indicates the transfer
function is located at this line for frequencies below 200 MHZ.

The 2 kQ chip resistor which was used to construct one of these probes was tested and the

voltage dividing ratio was measured. This experimental data is shown in Figure 39.
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Figure 39.  The voltage dividing ratio to 1GHz for the 2 kQ chip resistor used in a state
of the art direct drive experiment. The transfer function for this probe is shown in Figure
37. The ideal voltage dividing ratio is shown to be 41.
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Figure 39 indicates that the voltage dividing ratio begins to degrade at a frequency of 200 MHZ.
Note this degradation is also seen to start at 200 MHZ in the transfer function of Figure 37. The
baseline design of two 2 kQ resistors indicate that this parallel combination degrades in
performance faster than a single 1 kQ resistor. This indicates the degradation is caused by the

inherent shunt capacitance of the resistor, since the parallel capacitors combine via a sum.

8.2 Demonstration of Proper High Frequency Probe Performance A

The above probe must be compared to one carefully constructed using components rated
for high frequency. The prototype probe is made with a Mini-Systems, Inc. (MSI) thick film
chip resistor, part number WNR73PS-1001F-NS, with a nominal value of 1kQ and a 1%
tolerance.

For clarity, it should be noted that the frequency response of chip resistors defies
universal characterization. Chip resistors are used in application where low inductance is
required. The geometry of the chip resistor is inherently low inductance: the current flows
through a broad area, and the distance between electrical contacts is short. However, with
increasing frequency, the effect of intrinsic capacitance also becomes appreciable. Moreover, as
the frequency approaches the microwave range, the current does not flow evenly through the
resistive component anymore; the current travels towards the surface. This high frequency
behavior serves to degrade the performance of the resistive element in addition to the increased
impact of the stray capacitance. Hence, the frequency response of specific chip resistors depends
largely on its geometry. To the user, this means that before a resistor is used in testing, its
frequency response must be tested.

The MSI thick film chip resistors used in this test operated admirably throughout the
frequency range of interest, 300 kHz to 3GHz. The MSI literature rates its thick film resistors to
2 GHz. The voltage division ratio for a probe constructed with this resistor is shown in

Figure 40.
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Figure 40.  The voltage division ratio, to 1GHz, of the MSI thick film chip resistor.
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Figure 40 shows there is negligible degradation in the performance of the thick film chip
resistor with frequency. Since transfer functions are the standard way of characterizing a voltage
dividing probe in the DIT community, the transfer function was measured using the probe
calibration fixture which is discussed in Section 8.4. The transfer function for the MSI thick film

chip resistor is shown in Figure 41.

CH2 Spq log MAG 2 dB/ REF -27 dB 4 —-29.994 dB
447 . 455 260 MHz

MARKER |1
447 . 4552 MHz

VAT VWAt O O s

ca

START .300 000 MH2 STOP 3 000.000 000 MH2

Figure 41.  The transfer function of the voltage probe constructed with the MSI 1 KQ
thick film chip resistor. Note the transfer function is centered about the -26.44dB line,
which corresponds to a voltage division ratio of 21.

8.3  Comparison of Transfer Function Measurement Equipment

The transfer function of the probe constructed with the MSI 1kQ thick film chip
resistor was measured using two Hewlett Packard network analyzers. The vector network
analyzer was HP model 8753B, and the scalar network analyzer was HP model 8757D. A
comparison of data obtained with these two analyzers was performed to determine which yielded

better results.
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The transfer function obtained with the 8757D scalar network analyzer is shown in Figure
42. The transfer function is centered about the ideal line. Although the probe performance
appears acceptable, the maximum deviation is almost 3 dB. It can be assumed that this
measurement does not reflect the true transfer function because the transition is not smooth. That
is, the frequency response of a resistive probe is determined by the relative importance of the
stray capacitance and inductance. If these are small, the transfer function will be flat across the
band of interest. Thus, the net change should be smooth with frequency. Near the 3 GHz mark,
the transfer function decreases after a net increase. This is an indication that the transfer function
" measurement is within the accuracy of the scalar network analyzer.

The transfer function obtained with the vector network analyzer is shown in Figure 43.
Note that the probe bandwidth cannot be measured since performance degradation is not obvious
in the frequency range to 3 GHz. The transfer function shows only slight deviations throughout
the frequency range of 300 kHz to 3 GHz. Furthermore, these slight deviations are centered
about the theoretical transfer function, located at 26.44 dB.
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Figure 42.  The upper trace is the transfer function for a 1050 Q probe obtained with a
scalar network analyzer. The frequency range is 10 MHz to 3 Ghz. The lower trace is the
return loss measurement.

CHZ Spy lop MAG 2 dB/ REF -27 dB 1 -29.994 dB
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Figure 43.  The transfer function of the same probe as in Figure 42, made with the MSI
1kQ chip resistor and obtained with the vector network analyzer.
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The dip in the low frequency portion of the transfer function is attributed to the prototype
probe calibration fixture. Evidence for this conclusion is that it remains despite the construction
of various probes and is contained in the transfer functions measured with both network
analyzers.

This exercise has shown explicitly that the vector network analyzer gives more accurate
measurements. This is a well known attribute of vector network analyzers ****_ yet is useful

because it sets a basis for an engineering judgement despite which analyzer is available.

84  Probe Calibration Fixture Design

It has been established that pretest verification of voltage probe performance is critical to
obtaining reliable data. To aid in the determination of the voltage probe performance, a
calibration fixture has been designed and tested.

The calibration fixture design, shown in Figure 44, is easy to implement and technically
elegant in its simplicity and reliablitity. The calibrator consists of a 50Q microstrip section with
one SMA connector on each side. Microstrip is chosen as the transmission line since it is easily
accessed electrically for the probe connection, and is resistant to stray reactances. One SMA
connector of the fixture is terminated in a 50Q coaxial resistive termination which is rated for
high frequency. The other SMA connector is the RF feed line.

The prinicple of operation of the probe calibation fixture is to provide a matched system
with a spatially homogeneous voltage. That is, the matched system has a voltage standing wave
ratio (VSWR) which is equal to one. Thus, the voltage at any length along the line is constant.
The probe under test may be placed anywhere along the microstrip center conductor, and the
transfer function can easily be obtained. It has been experimentally determined that a soldered
connection between the probe and the calibration fixture is not necessary to obtain valid transfer

functions.

****  Hewlett Packard Hotline, private communication
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Figure 44. A simple, easy to use, fixture for the calibration and measurement of transfer
functions of voltage probes. The probe does not need to be soldered to the fixture to be
accurate,

This calibration fixture allows the quick verification of probe performance prior to its
installation in a circuit. This simple pretest procedure insures a reliable voltage probe and opens

the possibility of meaningful measurements.
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9.0 RELEVANT POWER QUANTITIES

In performing direct injection testing, some test engineers measure only the incident
power which results in an effect. While this practice can be rationalized, the incident power is
not the truly relevant quantity for direct injection testing, as it is in free field testing. Moreover,
it can be postulated that energy is the quantity of interest, since it accounts for additional test
parameters, such as pulse repetition frequency, pulse duration and illumination time. After all, in
free field testing, the relevant quantity is the power on target.

It is a widespread practice in direct injection testing to measure only the incident power.
" However, since electrical energy from radiation sources and direct voltage injection couple
differently into a circuit, the power which is absorbed into circuit allows a direct comparison.
This issue will be further investigated in Section 11. After all, the portion of power which is
absorbed may result in an “effect”. This practice may be a part of the reason why
electromagnetic effects vary in power level from one DUT to another.

The absorbed power is related to the circuit parameters of the node of the DUT. For a

node impedance, Z,, the absorbed power, P,, is related to the incident power, P, ., by

P =P (1-ITP ,

where T is the reflection coefficient. The reflection coefficient may be calculated from the

formula,
Py Zn - Zo
z +2z

where Z, is the characteristic impedance of the RF feed line, or by experiment. It should be
noted that in general, the node impedance, Z,, is a function of frequency. Thus, the reflection
coefficient, T is also a function of frequency.

In determining the absorbed power, the exact experimental configuration must be taken
into account. For instance, if an isolating resistor is used, the power which is absorbed by the

DUT cannot be measured directly by recording the reflected wave since the isolating resistor will
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dissipate power. This obstacle can be overcome through calibration and data analysis.
Once the power absorbed by the DUT has been determined, the distribution of the power
can be determined by knowledge of the node impedance. The absorbed power is distributed in a

two port network according to the magnitude of the complex impedance. Explicitly,

P =P, tjanf(W, - W),

where P, is the average power dissipated in the circuit and W, and W, represent the stored
magnetic and electric energy. The node impedance can be equated with expressions for the

| voltage and current which yields the relation,

P =% |IFZ =% I} R, *jX)

Rearranging terms and equating expressions for the absorbed power, yields,

P, tjanf (W, + W)
w1

ZH=Rﬂ+jXII=

The real part of the node impedance is related to the dissipated power, Py,

P,=%R I,
and the imaginary part, X, , is related to the energy stored in the DUT. Thus, the energy stored
in the system is

X, |17
W =
" ¢ 8nf

which is positive for an inductive load and negative for a capacitive load.

9.1 Impedance Matching for Maximum Transfer
Since the need to measure absorbed power is established, ways to maximize the absorbed
power can be investigated. Various quantities can be maximized depending on the DUT of

interest, and it is expected that different circuit types may be sensitive to different quantities. For
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instance, the voltage which is transmitted into the asset, V,, is given by

v,=v, (-1

Thus, the voltage which is transmitted to the asset is maximized by minimizing the reflection
coefficient, I.
However, presently, in electromagnetic effects testing, power is generally the scaling

quantity. The absorbed power is given by

P, =P, Q-ITPH ,

and is optimized by minimizing the value of ||

9.1.1 Impedance Matching for Ultrawideband FExcitations
Impedance matching for UWB pulses can be difficult because of the wide range of

frequencies that must be accommodated. For applications requiring a bandwidth greater than a
single quarter wavelength, multi section transformers can be used. Then the total reflection
coefficient is given by the partial reflections of small discontinuities. A full treatment of the
theory of small reflections can be found elsewhere[9.1, 9.2]

One method of impedance matching a source impedance, Z,, to a load impedance, Z, is to
successively increase the impedance in small steps from Z to Z,. The impedance taper is a
stepped impedance transformer with infinitesimal steps, and is commonly used in high power
systems. Although high power impedance taper are generally a coaxial gambit, this is not
appropriate for use in confined spaces, which frequently occurs in DIT.

A small, low power impedance taper for use with UWB pulses can be easily made using a
microstrip transmission line by varying the width of the strip. The geometry of a microstrip line

is shown in Figure 45.
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Figure 45. The geometry of a microstrip line.

The impedance of a microstrip line is given as a function of the dimensionless quantity,

W/d, by

—~ 60 8d w w
Zo——e-ln(7+a for — <1

and

zZ = 120m for %’ > L

=
/e [%’ + 1393 + 0.667 1n(%'+1.444)
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The quantity e, is the effective dielectric constant of the microstrip and is given approximately by

e +1 e — 1 1
e_r +I

‘ 2 2 '
1+12—‘—1—
W

Thus, if the value of the ratio W/d is varied continuously, an impedance transformer can be easily

made to transition from the source impedance to the load impedance.

9.2 Impedance Matching for Narrowband Excitations

Impedance matching in narrowband systems is considerably easier than in ultrawideband
systems. However, many techniques for impedance matching require prior knowledge of the
load and source impedances as well as the frequency. Any change in these parameters requires a
new matching fixture. One impedance matching technique, however, is not limited in this way:
stub tuning. Moreover, a stub tuner matches a complex impedance conjugately. As previously
stated, the absorbed power is maximized when the value of |T'}* is minimized, which occurs
when the system is conjugately matched. In narrowband systems, one of the easiest and most

versatile ways to conjugately match a system is through the use of a stub tuner.

9.2.1 Single Stub Tuners

A single stub tuner matches discrete complex impedances at discrete frequencies.

Figure 46 shows a schematic diagram of a single stub tuner.

Short !
Circuit

Figure 46.  Single Stub Tuning."
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The real part of the impedance is varied by changing the distance of the stub (d) from the
complex load. The imaginary part of the impedance is varied by changing the length of the stub
(D). The operation of a single stub tuner is easily understood by examining the input impedance
of the stub section. At the junction; the impedance looking into the stub section is derived from
the input impedance, Zi,p

, =g Lt iZm®D
o0 Z %+ jZtan
o, T jZtan(B))

where g = 2nflc, is the wave propagation constant. For a stub of length, 1, which is terminated in

a short circuit, the load impedance, Z,; is zero. The input impedance of the stub line reduces to

Z,., = jZan(l)

The stub line is in parallel with the input impedance of the load section. Thus, by equating the
parallel combination to the line impedance, a relation between the distance to the load, d, the
stub length, 1, and the load impedance, Z,, is obtained. The real part of this relation is matched
by choosing the distance to the load and the imaginary part is matched by choosing the stub
length. However, single stub tuners are suitable for only a small range of frequencies for fixed

distances. This limitation is overcome by expanding the single stub concept to multiple stubs.

9.2.2 Triple Stub Tuners

A triple stub tuner can match different configurations of complex impedance and
corresponding frequency. It is not feasible to use a single stub tuner for such a purpose because it
is difficult to vary the length of line between the load and the stub to match the real part of the
load impedance. The combination of stub lengths in the triple stub tuner not only accounts for the
imaginary part of the load, but also the real part. There is an adjustable short on each of the three
stubs to change the stub length (within the physical constraints of the tuner). The triple stub tuner

used for this experiment is shown in Figure 47.
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Figure 47.  Triple Stub Tuner Used in Experiment.

The length of each of the stubs is 30.5 cm (12 inches), based on the maximum distance
that the variable shorts can move and not on the total length of the stub. The separation between
each stub is 2.8 cm (1.5 inches) as measured from the radial center of two adjacent stubs.

There are limitations built into triple stub tuner. The tuner cannot match any impedance at every
frequency. The lengths of the stubs and the separation between each stub limit the frequency and
impedances that a triple stub tuner can match. Smith Charts make these limitations clear.

A popular way to understand the characteristics of a stub tuner is to analyze it using a

Smith Chart. A Smith Chart is shown in Figure 48.
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Figure 48.  Smith Chart.

The Smith Chart can calculate the lengths of multiple stubs to match a given impedance.
An impedance located at the center of the Smith Chart indicates a perfect match. This
corresponds to a normalized impedance of one. The circles are lines of equivalent real impedance
and the curved are lines of equivalent imaginary impedance. The circle which stretches from the
right side of the chart to the center is termed the 1+jb circle. This is because the real part of the
normalized impedance is unity all around this circle. The left side of the chart indicates smaller |
impedances (larger admittances) and the right side of the chart indicates larger impedances
(smaller admittances). Stub lengths are determined by locating the impedance to be matched on
the Smith Chart, converting the impedance to an admittance, and then following a series of steps
to get to the center of the chart.

If the distance between the radial center of the stubs is 31/8 and the stub lengths are at
least A/2, then the stub tuner can match any input impedance.’® Figure 49 shows what the smith
chart looks like for stubs that are 31/8 apart. Every circle represents a stub.
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Stub B

Stub A

Figure 49.  Smith Chart for 31/8 stub separation.

One full revolution is half of a wavelength (1/2) on a Smith Chart. When the stubs are
A/2 apart, there are no possible matches since all of the circles overlap. There is no complex
impedance that could be added to an impedance inside of the 1+jb circle to move the impedance
out of the 1+jb circle since all of the circles are within each other. The ability to match an
impedance is also limited by the length of the stubs on the stub tuner. The longer the stub length,
the more impedances that can be matched. The higher the frequency for a given stub length, the
more impedances that can be matched. The best matching frequencies can only match every

impedance when the wavelength of the frequency being used is no more than 1/2.

9.23 Specific Tuner Characteristics
It is very difficult to state specific impedances and frequencies that a triple stub tuner can

match, as is explained below, but some observations can be made. The best matching frequencies
for any triple stub tuner occur at /8, 34/8, 54/8, etc. The stubs of the tuner tested are 3.8 cm
apart and so the corresponding wavelengths that work with the defined stub separations are: 99
MHZ, 300 MHZ, 490 MHZ, etc. Notice that each successive frequency is approximately 200
MHZ greater. Note that the tuner cannot match every impedance for frequencies below 490 MHZ
because these lower frequencies have wavelengths such that A/2 is more than 30.5 cm--the length

of the stubs.
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The worst matching frequencies for any triple stub tuner occur at 4/2, A, 3A/2, etc. The
frequencies that correspond to these wavelengths for tuner tested are: 390 MHZ, 790 MHZ, 1.2
GHyz, etc. Notice that each successive frequency is approximately 400 MHZ greater. These nulls
exist within the frequency range of interest but are very narrow and will not make the matching
any worse that it would be without the stub tuner. This stub tuner can theoretically match most of
the possible input impedances of an asset driven with an UWB pulse (500 MHZ to 3 GHz).

~ 9.2.4 Tuner Characterization Difficulties

It is very difficult to define a parameter space of impedances that a triple stub tuner can
match for a éiven frequency. It is even more difficult to define this parameter space for a
frequency range. There are many combinations of stub lengths that can match an impedance at a
frequency and one would like to choose the stub lengths that match multiple frequencies well.

Note that the distance in wavelength between each of the stubs will change based upon
the frequency being used. This makes it extremely difficult to theoretically determine the best
stub lengths to tune frequencies over a large bandwidth. Triple stub tuners are invariably adjusted
by trial and error--not by calculation--and so calculations merely demonstrate the general
matching conditions that a specific triple stub tuner can achieve.'® The calculated worst case

reflection coefficient for no more than 3 dB of reflection should be

3
r=1-10 % = 0292

or no more than 30% radially from the center point of the Smith Chart.

Figure 50 shows the admittances that cannot be matched for a stub separation of 1/4,
3/4, 51/4, etc. These admittances translate to higher impedances on the order of three times the

characteristic impedance or greater than 150 Q for a 50 Q characteristic impedance.
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Figure 50. Unmatched admittances for A/4 stub separation.

Figure 51 below shows an example of one set of input impedances and Figure 52 shows another.

Figure 51.  Input impedance of a test point.
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Figure 51 shows fhe input impedance versus frequency on a Smith Chart for one test
point and Figure 52 shows the input impedance for a different test point. The average input
impedance in Figure 51 appears to be about 50 Q while the average input impedance in Figure 52
appears to be about 25+j10 Q. The input impedance must be measured for every test point so that
the absorbed power can be measured and, if necessary, to match the average input impedance. It
is wrong to assume that the input impedance of a test point is always 50 Q--Figure 52 clearly
shows that this assumption is not always valid. The triple stub tuner described above is able to

match both of these cases fairly well over the specified frequency range.

Figure 52.  Input impedance of another test point.
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10.0 EXPERIMENTS WITH STUB TUNERS FOR NB AND UWB MATCHING

The purpose of this experiment was to determine the bandwidths (BWs) over which the
triple stub tuner could inject at least half of the incident power into an asset between 100 MHZ
and 3 GHz and to determine if the same bandwidths could be achieved in both narrow band (NB)
and ultrawideband (UWB) measurements. A tuner that matches impedances over reasonably
large bandwidths causes the asset to absorb more available source power and minimizes the data

correction needed to account for an impedance mismatch.

The scope of this experiment was to find the stub tuner positions that result in the largest
~ bandwidths around 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, and 3000 MHZ for
the asset to absorb at least 50% of the power in one case and 90% of the power in another case.
The stub tuner was used in an ultrawideband (UWB) experiment to verify that the specified
power levels could still be achieved. Pin 33 of the NATO cylinder was used as the DUT.

10.1 NATO Cylinder Input Impedance
Theoretical calculations of the triple stub tuner lengths can only be done once the load

impedance is known for the frequency of interest. Table 5 below lists the input impedances as a

function of frequency of the NATO Asset at Pin 33.

Frequency (MHZ) Real (R) Imaginary (X)
100 22.45 9.27
200 28.64 4.76
300 114.59 32.01
400 50.89 -6.53
500 59.14 -24.77
600 23.47 -9.22
700 21.69 18.73
800 65.69 51.37
900 58.59 12.36

1000 54.79 -55.14
2000 33.52 25.94
3000 138.42 27.38

Table S. Input Impedances vs. Frequency of the NATO Asset at Pin 33.
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The data above shows that average input impedance of this asset was 56 +j7.18 Q
or about 50Q. This shows that a normal microwave cable should be close to the best single
impedance to match the source impedance to the input impedance of the asset. However, the
impedance changes considerably over the frequency range of interest. The stub tuner was used

to determine if it could achieve a good impedance match over a broad bandwidth.

10.2 Narrow Band Measurements
A stub tuner was used to illustrate how much of the available power could be

inserted into the asset. The experimental setup is shown in Figure 53.

Stub Tuner

AN
—— ] ——
!i e
Network Analyzer NATO Asset

Figure 53. Narrowband Experimental Setup.

There was approximately six inches of semi-rigid cable between the stub tuner and Pin 33
of the NATO Asset. A HP 8753D Scalar Network Analyzer was used to take a reflection (S11)

measurement.

The lengths of the triple stub tuner were varied through guess and check to find widest
bandwidths around the frequencies between 100 MHZ and 3 GHz. One common standard of
evaluation was chosen and one more strict standard. The more accepted standard was to
determine the widest bandwidths that reflected no more than -3 dB of the original signal (S11
less than -3 dB) or in other words that at least half of the power was absorbed by the asset. Table
6 lists the results of this test with extraordinarily large bandwidths in bold numbers.
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Shot Stop and Start Bandwidth (MHZ) Stub Length (cm)
# Frequency (MHZ) StubA StubB StubC
1 150 - 430 280 30.5 20.0 30.5
| 2 300 - 600 300 12.0 18.0 11.5
3 600 - 840 240 30.5 8.0 30.5
4 I 840 - 1240 400 6.0 10.0 20.0
5 1 470-1160 690 55 5.5 10.0
6 1 1180 - 2400 1220 145 6.5 75
7 1 2500-2910 410 122 220 17.0
8 | 2700-3000 300 12.0 6.5 17.4
9 l 1000 - 3000 2000 22 1.8 1.0
10 450 - 1300 850 7.0 9.0 6.5
i1 320 - 950 630 12.0 10.0 115

. Table 6. Stub Lengths for S11 <-3 dB Frequency Bandwidths.

These operating bandwidths are specific not only to the asset tested, but also to the test
point. The attainable bandwidths for a test point are unique to that test point. The bandwidths
listed show that it is possible to use a stub tuner to match impedances over some fairly wide
bandwidths (1 GHz) even though the stub tuner is meant to be a narrowband matching device.

Another standard was to determine the widest bandwidths that reflected no more than -10
dB of the original signal (S11 less than -10 dB) or in other words that at least 90% of the power
was absorbed by the asset. Table 7 lists the results of this test.
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Shot Stop and Start Bandwidth (MHZ) Stub Length (cm)
Frequency (MHZ) StubA StubB StubC
12 320 - 450 130 13.5 18.0
13 450 - 580 130 125 150 10.5
14 580 - 650 70 15.2 52 10.5
15 | 650 - 690 40 30.5 9.0 4.0
16 I 680 - 720 40 7.5 6.0 3.5
17 800 - 970 170 1.5 6.0 3.5
18 |  1040-1520 480 38 1.5 3.2
19 | 1200 - 1700 500 3.9 4.0 3.2
20 1900 - 2100 200 2.8 17.8 2.8
[ 21 | 2900 -3000 100 0.0 1.8 1.0

Table 7. Stub Lengths for S11 <-10 dB Frequency Bandwidths.

Large values of stub separation in wavelengths have the disadvantage of a reduced
operating bandwidth.'* In other words, a triple stub tuner can match over broader bandwidths at
higher frequencies for a given stub separation. The data in Table 6 and Table 7 show this to be
true. Another way to think of this result is that higher frequencies have smaller wavelengths and
some integral number of wavelengths has a better chance of interacting with one of the three

stubs in such a way that it is matched.

Since it is more difficult to match impedances for the asset to absorb 90% of the power
than to absorb 50%, it was expected that the bandwidths attainable for 90% absorption would be
smaller than the bandwidths for 50% absorption. Table 6 and Table 7 show this to be true.
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10.3 Ultrawideband (UWB) Measurements
The following describes the setup and data that were taken for the UWB test. The stub

tuner positions determined through guess and check from the NB test were used in this test to
determine if the stub tuner would propagate the same frequency bandwidths in UWB as it did in

NB. The experimental setup for the UWB experiment is shown in Figure 54. R

Kenteo | NATO
Pulser % ; i § nsec Asset

: R - 40 dB ;1 l .. ofcable

—/"’-‘_ — =W mﬁ—::__ R e B S —3 ::——~I ;

|
]
{

Function Computer
Generator SCD 5000

Figure 54. UWB Experimental Setup.

A Kentec pulser was used to generate the UWB pulse. It has a frequency spectrum with
most of the energy between 200 MHZ and 4 GHz. A function generator was used to trigger the
pulser. Approximately 40 dB of attenuation was connected to output of the pulser so as not to
overdrive the scope and the stub tuner. A digitizing oscilloscope, model SCD 5000 was used to
measure the signal that was able to get through the stub tuner. There was 5 feet of cable, which
corresponds to a 5 nsec time delay, after the stub tuner so that none of the reflections from the
asset were measured. A General Purpose Interface Bus (GPIB) was connected between the scope -
and the computer to acquire the waveform. The recorded time domain waveform was then
imported into the Mathcad software package, where the Fourier transform was performed to

obtain the frequency spectrum.
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10.3.1

UWB Data
The bandwidths which were transmitted through the triple stub tuner with an UWB pulse

is shown in Table 8. They are shown to be very comparable to the NB test. The bolded numbers

are extraordinarily large bandwidths.

Shot# | Test | Frequency | Bandwidth | Shot | Test | Frequency Bandwidth
| Type | (MHZ) (MHZ) # | Type| (MHZ) (MHZ)
1 UWB 100 -500 400 12 |UWB 400 - 500 100
NB 150 - 430 280 NB 320 - 450 130
2 UWB 100 - 560 460 13 |UWB  350-850 500
NB 300 - 600 300 NB 450 - 580 30
3 UWB 620 -920 300 14 |UWB 400 - 850 450
NB 600 - 850 240 NB 580 - 650 70
4 UWB 800 - 1260 460 15 |UWB  600-900 300
NB 840 -1240 400 NB 650 - 690 40
5 UWB 450-1100 650 16 |UWB 600 -1600 1000
NB 470 -1160 690 NB 680 - 720 40
6 UWB 2100 -2400 300 17 |UWB 700 - 1800 2100
NB 1800 -2400 1220 NB 800 - 970 170
7 UWB 2600 -3000 400 18 | UWB
NB 2500 -2910 410 NB 1040 - 1520 480
8 UWB 2100 -3000 900 19 |UWB 700 -2200 1500
NB 2700 -3000 300 NB 1200 - 1700 500
9 UWB 950 - 3800 2850 20 |UWB 1700 - 2300 600
- NB 1000 -3000 2000 NB 1900 - 2100 200
10 UWB 400 - 1300 900 21 [UWB 1900 - 2100 200
NB  450-1300 850 NB 2900 -3000 100
11 UWB 400 - 1000 600
NB 320 - 950 630
Table 8. Comparison of UWB and NB Bandwidths.
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Notice that the UWB and NB data compare very well for the first 11 shots but the UWB
bandwidths are much larger than the NB bandwidths for shots 12 through 21. This is very odd
since shots 12 through 21 had tighter constraints in the NB test. This behavior cannot be
explained but it is better than the expected results. This data shows that the triple stub tuner can
be used as a broadband impedance matching device. ‘

10.4 Conclusions
Improving the power into the asset is not critical. It is good practice to use resources

wisely, however, and cause the asset to absorb as much power as possible. On the other hand, it

is critical to know the input impedance of the asset to determine how much power the asset

absorbed. Calculating the average input impedance over the frequency range of interest and

matching that impedance will transmit more available power into the asset.

104.1  NB Measurements
The NB measurements demonstrated that the triple stub tuner can be used to match

complex impedances over bandwidths of approximately 500 MHZ for frequencies below 1 GHz
and bandwidths of approximately 1 GHz for frequencies above 1 GHz. These bandwidths are

exceptional for a narrow band impedance matching device.

It is not feasible to calculate the stub lengths that will match the input impedance of an
asset over the desired frequency range. The general matching limitations of the triple stub tuner
eliminate some of the possible impedance and frequency configurations, but one must proceed
through trial and error to determine the best stub lengths to match the input impedance of the
asset over the frequency range of interest. This experiment showed that a triple stub tuner can

match frequencies over a broad frequency range.

1042  UWB Measurements
The UWB measurements showed that a triple stub tuner will work with an UWB source.

The bandwidths that can be matched in UWB are predicted well by the NB measurements. Even
though the attainable bandwidths are less than the bandwidths of typical UWB sources (200
MHZ to 8 GHz), more power is absorbed by the asset and to get more power into the total range
of frequencies, different matching bandwidths may be used in different UWB shots.
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1.0 CORRELATION BEFWEEN POWER LEVELS OBTAINED WITH FREE
FIELD HPM TESTING AND DIRECT DRIVE EXPERIMENTS

It is has been documented? that good correlation is obtained between the results from
directly driving inductive coupling probes along a line and free field HPM testing when the
bundle lengths are electrically short (2nL/A « 1). When direct injection testing is conducted by
directly driving a voltage signal from a generator into the circuit node, the upset levels are
expected to directly correspond to free field testing. This expectation, that the power levels
necessary to induce an effect in direct drive experiments and free field testing are equivalent,
may be faulty. In this interest, a correlation factor has been derived for the experimental values
obtained with direct drive experiments to compare with free field testing.

Direct drive testing is a useful tool for simulating the impinging electromagnetic field
incident from a free field source on a subsystem. This may yield valuable information about the
nature and frequencies of interest to induce electromagnetic effects; it could also identify critical
subsystems. Free field testing is the unequivocal demonstration of an electromagnetic effect on
a DUT. Direct injection testing is a simulation tool, and, thus, it is the responsibility of the
experimenter conducting direct drive tests to adjust the data to correlate to free field power
levels. However, as part of this technical effort, it has been recognized that free field radiation
penetrates into an electronic system differently than a voltage signal. Thus, a quick look model
has been developed to investigate the magnitude of the difference.

It should be noted that while the one port circuit model is appropriate for a direct drive
test, it is inappropriate for a free field test scenario. In free field testing, the impinging radiation
enters into multiple ports simultaneously. Thus, the one port analysis for which this correlation
factor is b‘ased is subject to experimental conditions. Namely, the signal is injected directly into
a circuit node through a transmission line which may also involve an isolating resistor. The
correlation factor can be used to predict free field power levels to induce an effect in a
subsystem, but the reverse is not true. That is, the correlation factor cannot be used with free

field power levels to predict direct injection power levels.
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The crux of the correlation issue may be the node impedance to ground of the circuit
under test. This impedance affects the power absorbed into the node of the DUT in both free
field and direct injection excitation. Since the absorbed power is the quantity which produces an
electromagnetic effect, by equating the power absorbed in a free field test and a direct injection
test, a correlation factor between the two can be derived. Presently, the correlation between free
field power levels and direct injection power levels is assumed to be 1:1. However, by modeling
the electromagnetic effects test by transmission lines, which is valid for high frequencies, the
correlation factor is shown to vary over two orders of magnitude.

The model for a direct drive experiment is shown in Figure 55. A source is connected to
the DUT with a transmission line of characteristic impedance, Z, . The circuit node, which is
connected in the diagram to the transmission line has an impedance to ground, Z,(f), which is

generally a function of frequency.

Figure 55.  One port circuit model for a signal being injected into a node of the DUTina
direct injection test. The absorbed power is the quantity of interest.

For simplicity, assume the transmission line is electrically matched to the source

impedance. The reflection coefficient, TP, for the direct drive circuit is given by,

-— Zn(f) B ZO

o = 2 e
Z'(/)'*'Zo
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The absorbed average power, P,, is related, in a general sense, to the incident power, P, by,
P, =P, (1~ [TF)
where T is the reflection coefficient. Thus, the power absorbed into the circuit in the direct
injection test is fully determined by the reflection coefficient, I'°°(f).
A similar expression can be derived for free field testing. The experimental setup for a

free field test is shown in Figure 56. The electromagnetic wave is radiated through the antenna,

which impinges a plane wave on the device under test (DUT).

D

777 ] 77

| —

Figure 56.  The experimental setup of a free field test.

If the HPM source is set sufficiently far from the DUT, and the frequency of the excitation is
such that .

«d ,

~la
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where d is the distance between the radiating antenna and the DUT, the experimental setup may

be modeled as shown in Figure 57.

| — |

Figure 57. The equivalent model of the free field experimental setup of Figure 2,
coupling into a two port circuit, under the condition, c/f <<d.

The radiated HPM signal is represented by a lossless transmission line with characteristic
impedance, Z,A" = 377 Q. The reflection coefficient, I*F, for the equivalent circuit is given by,

zh - z*
zZ(H +z*

I¥f =

The node impedance, Z (f) is the same under each type of excitation. Thus, the reflection
coefficients, I¥T and I'°P are not equal if Z A" and Z, are different. This implies that the power
absorbed into the asset at the insertion node is different for direct injection and free fields testing,
for equivalent incident powers. Thus, for numerically different reflection coefficients, I'" and
I'®®, the absorbed power is different for the two experiments. .

Recognizing that the absorbed power is the relevant quantity for comparison, since the
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absorbed power results in an effect, leads directly to a correlation factor. Equating the
expressions for the absorbed power for free field and direct drive tests, one obtains the following
relation,

1 - g
1 - 07

P =Pr(

]

Thus, the correlation factor for direct drive experiments is expressed as,

= 1 - |M°F
1 - [0

Correlation Factor

When Z(f) for the node under test has been measured, the reflection coefficients, IF and
P, can be computed. To illustrate the effect this correction factor can have on the corﬁparison
of experimental results, let Z,(f) and Z, be constant 50 Q impedances. Thus, the reflection
coefficient for the direct drive setup in this matched case is 0. The correction factor is calculated

from the above expression as

Correlation Factor = 1 =24
_ .50 — 377
1 - (—=)
50 + 377

The variation of the correlation factor changes dramatically with the load impedance. Suppose
Z (f) is a real number which does not vary with frequency. The magnitude of the correlation
factor changes with this load impedance as shown in Figure 58.
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Figure S8. The variation of the correlation factor when the node has a real constant

load impedance. The correlation factor changes from 7.5 at 10 2 Q to 0.13 at high
resistance. The range in the correlation factor holds when the load also has a reactive

component.
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In general, the load impedance is a complex quantity. If both Z,A* and Z, are real, the

expression for the correlation factor for a general complex load can be expressed as,

Correlation Factor = —— | .(/)| o Re( .(/)) Z)

z'  1ZOF + 2Z,ReZ () *(Z)

where Re(Z, (f)) is the real part of the complex impedance, Z, (f).

The derived equation for the correction factor shows a range from 0.13 to over 7.5 when
the node impedance is purely resistive. This range is applicable in the general case of a complex
" node impedance also. It should be noted that if a resistive isolation is used between the direct
drive source and the node of the DUT, the above equations must be rederived based on the
power absorbed. The correlation factor will allow for an improved prediction of the power levels
necessary in free field testing to induce electromagnetic effects that are comparable to those

obtained via simulation from direct drive tests.
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12.0 CONCLUSIONS

Direct injection testing is an economical simulation tool for free field electromagnetic
effects testing. It is particularly useful to identify susceptible subsystems and new
electromagnetic effects prior to a full scale free field test. However, as the frequencies of interest
have increased, the validity of data obtained with direct injection has become unreliable. We
have identified and addressed several key procedural and diagnostic reasons for the unreliability
of the data.

Typically, during a direct injection measurement, the voltage at various nodes is
monitored. However, the parameters of the voltage probes are currently not being chosen in
conjunction with the parameters of the circuit under test. This can result in drawing excessive
current from the circuit and a loss of probe sensitivity. Maximum probe sensitivity is attained
when the input resistance of the voltage probe is chosen to be ten times the resistance of the node
under test at the test frequency. This, of course requires that the impedance of the node under
test be measured prior to probe selection.

Moreover, the voltage probes which are commonly used have long been known to
degrade with increasing frequency. The degradation in performance with increasing frequency
has been identified as being mainly due to capacitive coupling over the resistive element. The
effects of intrinsic capacitance and inductance in voltage dividing probes have been investigated
by circuit simulation of the equivalent probe circuit. A decrease in the voltage dividing ratio is
identified as a shunt capacitive effect and an increase in the metric with inductive effects. It is
desirable to minimize the shunt capacitance of voltage probes for two reasons. First, capacitive
effects determine the bandwidth of the voltage probe and thus, degrades its performance, even
within the bandwidth. Secondly, the voltage probe can also capacitively load the circuit under
test. The effects of capacitively loading the circuit manifest differently for wideband and
narrowband systems, which is documented in the text.

Preliminary experimental results document the effect of the impedance of the device
under test on narrowband excitations. The measured voltage dividing ratio varies wildly in the
frequency range of 10 MHz to 1GHz. The cause of the variation in the metric is the

establishment of standing waves caused by an impedance mismatch in the system. An
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experiment was devised to evaluate the performance of the voltage probe with frequency,
exclusive of the circuit under test. By changing the type of resistor used in the voltage dividing
probes, probe transfer function which show no degradation in performance with frequency to 3
GHz have been demonstrated. Coaxial transmission lines have been used in the past as voltage
probes. This technique shows an excellent frequency response, but must be used with care, since
the likelihood of circuit loading is greatly increased due to the low input impedance.

In addition to measuring techniques, it was found that many test engineers, have been
measuring the incident power necessary to induce an electromagnetic effect. While this is a valid
- measurement when conducting free field testing, the absorbed power is the truly relevant
measurement for direct injection testing. Techniques for increasing the absorbed power in direct
injection testing for narrowband and wideband direct drive testing are outlined. Moreover, this
treatment of the absorbed power has lead to the an order of magnitude calculation of a correlation
factor for use with direct injection data. A thorough treatment for the derivation of a correlation
factor will allow for an improved correlation between free field measurements for

electromagnetic effects testing, and its simulation from DIT.
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13.0 RECOMMENDATIONS FOR FUTURE RESEARCH

This effort was conducted so as to address, specifically, the problems associated with
performing direct injection testing on very compact electronic systems. Thus, the restrictions on
the construction of the voltage probe were severely limited and the goal was to improve the
frequency response of the design presently in use. This task was successfully accomplished, and
exceeded the requirements. However, when the physical size limitation is relaxed, the possibility
for other voltage probes designs should be investigated. For instance, there is some questions as
to the best method to ground the voltage dividing probes to the system ground. It is known that a
low inductance connection is desirable, but a well documented method of doing so in complex
electronic systems has not been investigated. Moreover, as the frequencies of interest is
increased, good system grounding topology becomes increasingly important.

This effort raised the issue of the correlation between free field testing and direct
injection testihg. Currently, the power levels for upset, obtained by direct injection, are
combined with coupling crossections to obtain an equivalent free field power density. The
validity of this practice needs to be examined fully. The brief treatment accorded here to this
topic quantified the difference in the coupling of free field radiation and direct voltage signal
injection to a node in an unrealistically simple model.

Typically, power levels for upset at a given frequency are quoted as the relevant
quantities. However, notably for ultrawideband signals, the peak power does not reflect the
pulse parameters; the pulse width, pulse repetition frequency, duty cycle and burst duration are
critical parameters. Similarly, for narrowband signals, the burst duration is a critical parameter.
To account for these variables, the total energy may be a more useful scaling parameter for

electromagnetic effects testing.
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